The reciprocal relationship between hydrodynamics and bivalves by Delavan, Sarah Kelly








of the Requirements for the Degree
Doctor of Philosophy in the
School of Civil and Environmental Engineering
Georgia Institute of Technology
August 2010
THE RECIPROCAL RELATIONSHIP BETWEEN
HYDRODYNAMICS AND BIVALVES
Approved by:
Dr. Donald R. Webster, Advisor
School of Civil and Environmental
Engineering
Georgia Institute of Technology
Dr. Thorsten Stoesser
School of Civil and Environmental
Engineering
Georgia Institute of Technology
Dr. Philip J. W. Roberts
School of Civil and Environmental
Engineering
Georgia Institute of Technology
Dr. Marc J. Weissburg
School of Biology
Georgia Institute of Technology
Dr. Terry W. Sturm
School of Civil and Environmental
Engineering
Georgia Institute of Technology
Date Approved: 17 May 2010
ACKNOWLEDGEMENTS
I would like to thank my advisor, Dr. Donald Webster, for 5 years of financial and
academic support. Without the continued assistance of my advisor, this body of
work would not be possible. I would also like to thank Dr. Marc Weissburg for
use of the salt-water flume, use of several acoustic doppler velocimeters (ADV’s),
and other equipment. Students within the Weissburg Lab in the School of Biology,
Miranda Watts and Morey Lafevre, helped with data collection, equipment use, and
idea brainstorming. Miranda Watts was instrumental in experimental design and
data interpretation. Thank you, Miranda and Morey.
This research was funded through several National Science Foundation fellow-
ships and grants. The NSF:IGERT program, Signals in the Sea, provided fellowship
support, equipment funding, and other monetary support. Also, an NSF grant to
Dr. Marc Weissburg and Dr. Donald Webster provided a graduate assistantship and
equipment funding.
Finally, I would like to thank my dissertation committee members: Dr. Terry
Sturm, Dr. Thorsten Stoesser, Dr. Philip Roberts, and Dr. Marc Weissburg. Thank
you for your continued support.
iii
TABLE OF CONTENTS
ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv
I INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
II LITERATURE REVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Field Boundary Layers . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.1 Relationship Between Biota and Boundary Layers . . . . . . 8
2.2 Jets in Crossflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.1 Unsteady Jets . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3 Bivalve Clams, Mercenaria mercenaria . . . . . . . . . . . . . . . . 23
2.3.1 Locations and Larval Settlement . . . . . . . . . . . . . . . 24
2.3.2 General Bivalve Behavior . . . . . . . . . . . . . . . . . . . 25
2.3.3 Pumping, Filtering, and Growth . . . . . . . . . . . . . . . 26
2.3.4 Model Bivalves . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.4 Odorant Plume Structure . . . . . . . . . . . . . . . . . . . . . . . 33
2.5 Tracking Organisms . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.5.1 Examples of Tracking Organisms . . . . . . . . . . . . . . . 36
2.5.2 Blue Crabs . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.5.3 Predator Mimics . . . . . . . . . . . . . . . . . . . . . . . . 43
2.6 Contributions of Current Research . . . . . . . . . . . . . . . . . . 45
III METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.1 Field Boundary Layer Measurements . . . . . . . . . . . . . . . . . 47
3.1.1 Animal Collection and Storage . . . . . . . . . . . . . . . . 47
3.1.2 Measurement Locations . . . . . . . . . . . . . . . . . . . . 47
3.1.3 Measurement Equipment . . . . . . . . . . . . . . . . . . . 55
iv
3.1.4 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.1.5 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2 Bivalve Excurrent Velocity Measurements . . . . . . . . . . . . . . 60
3.2.1 Animal Collection and Storage . . . . . . . . . . . . . . . . 60
3.2.2 Flow Facility . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2.3 Particle Image Velocimetry . . . . . . . . . . . . . . . . . . 61
3.2.4 Data Collection Procedure . . . . . . . . . . . . . . . . . . . 65
3.2.5 Velocity Time Record Extraction . . . . . . . . . . . . . . . 68
3.2.6 Time Record Analysis . . . . . . . . . . . . . . . . . . . . . 69
IV FIELD EXPERIMENTS ON IMPACT OF CLAMS ON CROSSFLOW . 78
4.1 Results for the Mud Site . . . . . . . . . . . . . . . . . . . . . . . . 78
4.2 Results for the Sand Site . . . . . . . . . . . . . . . . . . . . . . . . 85
4.3 Results for the Downstream of Oyster Bed Site . . . . . . . . . . . 90
4.4 Results for the Downstream of Sea Grass Bed Sites . . . . . . . . . 93
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.5.1 Summary of Field Experiment . . . . . . . . . . . . . . . . 101
4.5.2 Influence on Horizontal Momentum Distribution . . . . . . 103
4.5.3 Upstream Structures in the Flow . . . . . . . . . . . . . . . 105
4.5.4 Ecological Impacts . . . . . . . . . . . . . . . . . . . . . . . 106
4.5.5 Limitations of this Study . . . . . . . . . . . . . . . . . . . 108
V LABORATORY EXPERIMENTS ON UNSTEADINESS OF CLAM EX-
CURRENT FLOW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.1 Time Series Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.2 Results for Control Cases . . . . . . . . . . . . . . . . . . . . . . . 125
5.3 Results for Laboratory Clam Jets with Varying Environmental Con-
ditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.4 Results for Laboratory Clam Jets with Predator Effects . . . . . . 133
5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.5.1 Clam Pumping Behavior . . . . . . . . . . . . . . . . . . . . 139
v
5.5.2 Dominant Predator-Prey Interaction . . . . . . . . . . . . . 141
5.5.3 Predator Avoidance Behavior . . . . . . . . . . . . . . . . . 143
5.5.4 Patch Dynamics . . . . . . . . . . . . . . . . . . . . . . . . 145
5.5.5 Influence of Siphon Flow on the Plume . . . . . . . . . . . . 146
VI SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . 150
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.1.1 Field Experiments Addressing Crossflow . . . . . . . . . . . 150
6.1.2 Laboratory Experiments Addressing Environmental Cues . . 152
6.1.3 Laboratory Experiments Addressing Predator Cues . . . . . 153
6.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
6.3 Unique Contributions . . . . . . . . . . . . . . . . . . . . . . . . . 155
6.3.1 Contributions to Methods . . . . . . . . . . . . . . . . . . . 156
6.3.2 Contributions to Flow Dynamics . . . . . . . . . . . . . . . 156
6.3.3 Contributions to Ecology . . . . . . . . . . . . . . . . . . . 157
6.4 Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
APPENDIX A EXAMPLE LACUNARITY PLOTS FOR LABORATORY EX-
PERIMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
APPENDIX B ERROR UNCERTAINTY CALCULATIONS FOR PIV AND
ADV DATA COLLECTIONS . . . . . . . . . . . . . . . . . . . . . . . . 170
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
vi
LIST OF TABLES
2.1 Comparison of jet literature. Method is either numerical or experi-
mental measurements, Fluid is the type of fluid used in the jet or the
receiving fluid, Regime is the flow regime for the jet or the crossflow:
laminar, turbulent or no flow, Re is the Reynolds number of the jet
or the cross-flow, v is the vertical jet velocity in ms−1, d is the jet
diameter or dimensions in mm, U is the bulk crossflow velocity, and
v/U is the jet to crossflow velocity ratio. . . . . . . . . . . . . . . . . 21
2.2 Tracking mechanisms and example organisms from Vickers (2000). . . 35
3.1 Summary of the ADV field data collection during Summer 2008 in
Wassaw Sound and the tidal rivers of Skidaway Island and Isle of Hope,
Georgia. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.2 Summary of treatments employed for the first set of experiments de-
signed to examine the influence of nearest neighbor distance (NND),
horizontal crossflow velocity, and clam size. . . . . . . . . . . . . . . . 66
3.3 Summary of treatments employed for the second set of experiments
designed to examine the influence of upstream predator and horizontal
crossflow velocity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4 Summary of control treatments employed. . . . . . . . . . . . . . . . 68
4.1 Summary of field results: The effect of clams on the flow and turbulence
characteristics. “Near bed” is defined as below 4.3 cm, and “above bed”
is defined as above 4.3 cm. . . . . . . . . . . . . . . . . . . . . . . . . 102
5.1 Mean jet velocities in cms−1 and standard deviations of the jet ve-
locity/vertical velocity time record collected for the laboratory control
cases. Four control cases were employed, as described in the first three
columns, in order to compare to the trends observed in the clam ex-
current jet data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
5.2 Jet/vertical to crossflow velocity ratio for the laboratory control cases.
Four control cases were employed, as described in the first three columns,
in order to compare to the trends observed in the clam excurrent jet
data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.3 Fractal dimension of the time record of vertical velocity collected for
the laboratory control cases. Four control cases were employed, as
described in the first three columns, in order to compare to the trends
observed in the clam excurrent jet data. . . . . . . . . . . . . . . . . 128
5.4 Lacunarity curve type for time records of vertical velocity for the lab-
oratory control cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
vii
5.5 Mean jet velocities and standard deviations for the clam excurrent jet
vertical velocities. The table reports data for varying nearest neighbor
distance (NND), crossflow velocity, and clam size class. . . . . . . . . 132
5.6 Jet to crossflow velocity ratios. The table reports data for varying
nearest neighbor distance (NND), crossflow velocity, and clam size class.134
5.7 Fractal dimension for the time records of clam excurrent vertical ve-
locity. The table reports data for varying nearest neighbor distance
(NND), crossflow velocity, and clam size class. . . . . . . . . . . . . . 135
5.8 Lacunarity curve type for time records of clam excurrent vertical ve-
locity. The table reports data for varying nearest neighbor distance
(NND), crossflow velocity, and clam size class. . . . . . . . . . . . . . 136
5.9 Mean jet velocities and standard deviations for the time records of clam
excurrent vertical velocity. The table reports data for varying horizon-
tal crossflow velocity with and without a predator in the upstream
flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
5.10 Jet to crossflow velocity ratios. The table reports data for varying hor-
izontal crossflow velocity with and without a predator in the upstream
flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
5.11 Fractal dimension for the time records of clam excurrent vertical ve-
locity. The table reports data for varying horizontal crossflow velocity
with and without a predator in the upstream flow. . . . . . . . . . . . 138
5.12 Lacunarity curve type for time records of clam excurrent vertical ve-
locity. The table reports data for varying horizontal crossflow velocity
with and without a predator in the upstream flow. . . . . . . . . . . . 139
viii
LIST OF FIGURES
1.1 Pathways by which flow affects benthic organisms from Hart and Finelli
(1999). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1 A 3D view of a jet in crossflow from Andreopoulos and Rodi (1984). . 18
2.2 A 2D view of a jet in crossflow from Rajaratnam and Gangadharaiah
(1983). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.1 Map of Wassaw Sound and surrounding tidal creeks and islands . . . 48
3.2 Schematic of ADV deployment. The measurement locations for the
two probes were separated by 1.0 m, and 16 to 20 clams were buried
below and upstream of one of the probes. . . . . . . . . . . . . . . . . 49
3.3 Plan view diagram of treatment sites at Priest Landing. The crosses
represent the locations where ADVs were placed for data collection.
This diagram does not include the sand treatment site. . . . . . . . . 50
3.4 Photograph of the boat launch and pier at Priest Landing. . . . . . . 51
3.5 Photograph of the sand treatment site at Butterbean Beach in the Skid-
away River Narrows. The Diamond Causeway appears in the upper-left
portion of the photograph. . . . . . . . . . . . . . . . . . . . . . . . . 51
3.6 Photograph of a human leg sinking in the sediment at Priest Landing.
The sediment is a mixture of sand and mud and is referred to as mud
in this thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.7 Photograph of the mud treatment site at Priest Landing during a
higher than average low tide (the treatment site is covered by sea-
water). The sediment at this site is mud without shell hash. Oysters
and sea grass are not present at this site. . . . . . . . . . . . . . . . . 52
3.8 Photograph of oysters growing on a cinder block at Priest Landing. . 53
3.9 Photograph of the oyster bed treatment site at Priest Landing. . . . . 53
3.10 Photograph of sea grass, Spartina sp., at Priest Landing. . . . . . . . 53
3.11 Photograph of the sea grass #1 treatment site at Priest Landing at
low tide. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.12 Photograph of the sea grass #2 treatment site at Priest Landing at
low tide. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
ix
3.13 Schematic of the laboratory sea water flume and set up for the Particle
Image Velocimetry (PIV) system. Clams were buried in sand sediment
in a false bottom section that was 7.8 cm deep, whereas the sediment in
the majority of the flume bed was 2.9 cm deep. The Nd:YAG laser was
located above the flume and was pointed downward. The PIV cam-
era was located beside the flume and viewed the measurement section
through the acrylic side wall. . . . . . . . . . . . . . . . . . . . . . . . 62
3.14 Example pox diagram. The H value for this case is 0.575 yielding a
dfl of 1.425. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.15 Sierpinski carpets from Mandelbrot (1977) have the same fractal di-
mension value and differing textures. The carpet on the left is more
“lacunar” since it has larger size gaps . . . . . . . . . . . . . . . . . 75
3.16 Lacunarity as a function of box size (i.e., time segment) for Gaussian
white noise. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.1 For the mud site, vertical measurement sequences of the average hori-
zontal velocity components, (a) the first measurement sequence, S1 and
(b) the second measurement sequence, S2. Samples with and without
clams buried in the sediment were collected simultaneously at match-
ing elevations. “S1” indicates measurement sequence #1, and “S2”
indicates measurement sequence #2. . . . . . . . . . . . . . . . . . . 81
4.2 For the mud site, comparison of the average velocity components, (a)
U , (b) V and W , and (c) W
U
, with and without clams buried in the sed-
iment. Samples were collected simultaneously at matching elevations.
Data for two measurement sequences are included, and color indicates
distance above the bed. . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.3 For the mud site, comparison of the probability density function of
the u’ velocity fluctuations at a height of 2.2 cm above the sediment.
Samples were collected simultaneously. Red, solid symbols represents
the data collection without clams buried in the sediment; Green, open
symbols represents data collection with clams buried in the sediment 83
4.4 For the mud site, comparison of the probability density function of
the w′ velocity fluctuations at a height of 2.2 cm above the sediment.
Samples were collected simultaneously. Red, solid symbols represents
the data collection without clams buried in the sediment; Green, open
symbols represents data collection with clams buried in the sediment 84
4.5 For the mud site, vertical measurement sequences of Turbulent Kinetic
Energy (TKE) values, with and without clams buried in the sediment.
(a) measurement sequence #1, and (b) measurement sequence #2.
Error bars represent measurement uncertainty. . . . . . . . . . . . . . 86
x
4.6 For the mud site, vertical measurement sequences of Reynolds shear
stress (u′w′) values, with and without clams buried in the sediment.
(a) measurement sequence #1, (b) measurement sequence #2, and
(c) comparison of values for the simultaneous measurements with and
without clams for both measurement sequences. Error bars represent
measurement uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . 87
4.7 For the sand site, vertical measurement sequences of the average hori-
zontal velocity components, U and V . Samples with and without clams
buried in the sediment were collected simultaneously at matching ele-
vations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.8 For the sand site, comparison of the average velocity components (a)
U , (b) V and W , and (c) W
U
, with and without clams in the sediment.
Samples were collected simultaneously at matching elevations. Color
indicates distance above the bed. . . . . . . . . . . . . . . . . . . . . 91
4.9 For the sand site, (a) vertical measurement sequence of Turbulent
Kinetic Energy (TKE), and (b) comparison of Reynolds shear stress
(u′w′) values. Samples were collected simultaneously at matching ele-
vations with and without clams buried in the sediment. Color in (b)
indicates distance above the bed. Error bars represent measurement
uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.10 For the oyster bed site, (a) comparison of the average velocity compo-
nents, (b) vertical measurement sequence of Turbulent Kinetic Energy
(TKE) values, (c) comparison of Reynolds shear stress (u′w′) values,
and (d) comparison of W
U
values. Samples with and without clams
buried in the sediment were collected simultaneously at matching ele-
vations. For (a), (c), and (d), color indicates distance above the bed.
Error bars represent measurement uncertainty. . . . . . . . . . . . . . 94
4.11 For sea grass site #1, (a) comparison of the average velocity compo-
nents, (b) vertical measurement sequence of Turbulent Kinetic Energy
(TKE) values, (c) comparison of Reynolds shear stress (u′w′) values,
and (d) comparison of W
U
values. Samples with and without clams
buried in the sediment were collected simultaneously at matching el-
evations. For (a),(c), and (d), color indicates distance above the bed.
Error bars represent measurement uncertainty. . . . . . . . . . . . . . 96
xi
4.12 For sea grass site #2, (a) comparison of the average velocity com-
ponents for two measurement sequences, (b) vertical measurement se-
quence #1 of Turbulent Kinetic Energy (TKE) values, (c) vertical mea-
surement sequence #2 of Turbulent Kinetic Energy (TKE) values, and
(d) comparison of Reynolds shear stress (u′w′) values. Samples with
and without clams buried in the sediment were collected simultane-
ously at matching elevations. For (a) and (d), color indicates distance
above the bed. “S1” indicates measurement sequence #1, and “S2” in-
dicates measurement sequence #2. Error bars represent measurement
uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.13 For sea grass site #2 comparison of W
U
values. Samples with and
without clams buried in the sediment were collected simultaneously
at matching elevations. Color indicates distance above the bed. . . . 99
5.1 Two-dimensional PIV velocity vector plot for a 5 cm square plane
bisecting a clam excurrent jet for the case with U = 0.55 cms−1, clam
length = 4.92 cm, and a nearest neighbor distance of 9 cm (Clam #5
listed in Table 5.7). The vertical excurrent jet is revealed by the red
contours on the left side of the image. . . . . . . . . . . . . . . . . . . 110
5.2 Cartoon of Figure 5.1 showing the approximate clam location and the
extraction point for the time record of vertical velocity. . . . . . . . . 111
5.3 Example time record of jet vertical velocity. This example is 225 s in
duration and corresponds to the extraction point depicted in Figure
5.2 for the clam of Figure 5.1. . . . . . . . . . . . . . . . . . . . . . . 112
5.4 Power spectral density (log axes) for the vertical clam jet velocity time
record of Figure 5.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
5.5 Power spectral density (linear axes) for the vertical clam jet velocity
time record of Figure 5.3. . . . . . . . . . . . . . . . . . . . . . . . . 115
5.6 Artificially-generated time record of fractional Brownian motion (frac-
tal dimension = 1.488). For comparison, the mean and variance of this
artificially-generated time record match that of the vertical clam jet
velocity time record of Figure 5.3. . . . . . . . . . . . . . . . . . . . . 116
5.7 Artificially-generated persistent (correlated) time record (fractal di-
mension = 1.3408). For comparison, the mean and variance of this
artificially-generated time record match that of the vertical clam jet
velocity time record of Figure 5.3. . . . . . . . . . . . . . . . . . . . . 117
5.8 Artificially-generated anti-persistent (anti-correlated) time record (frac-
tal dimension = 1.6427). For comparison, the mean and variance of
this artificially-generated time record match that of the vertical clam
jet velocity time record of Figure 5.3. . . . . . . . . . . . . . . . . . . 118
xii
5.9 Lacunarity as a function of box size (i.e., time period) for the time
record of vertical jet velocity shown Figure 5.3 (log axes). . . . . . . . 119
5.10 Lacunarity as a function of box size (i.e., time segment) for Gaussian
white noise (log axes). . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.11 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #8 of Table 5.7, U = 2.86 cms−1,
clam length = 6.91 cm, and nearest neighbor distance of 9 cm. (log
axes) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5.12 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #4 of Table 5.7, U = 2.86 cms−1,
clam length = 4.6 cm, and nearest neighbor distance of 3 cm (log axes).122
5.13 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #6 of Table 5.7, U = 2.86 cms−1,
clam length = 7.30 cm, and nearest neighbor distance of 3 cm (log axes).123
5.14 Non-normalized lacunarity plots for four time record segments collected
for a clam of length = 4.68 cm, U =1.98 cms−1, and nearest neighbor
distance of 3 cm (log axis). Triangles represent a time record of 57.1
s, Diamonds represent a time record of 26.8 s, circles represent a time
record of 24.1 s, and squares represent a time record of 15.1 s. The
legend indicates the curve type for each record. . . . . . . . . . . . . 124
5.15 Mean fractal dimension value for time records of vertical velocity for
the cases reported in Table 5.11 according to the presence or absence of
predators. Error bars represent standard error values. The letters indi-
cate significant difference with a two-way, repeated measures ANOVA
(p = 0.015). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
A.1 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 0.55 cms−1,
clam length = 4.68 cm, and nearest neighbor distance of 3 cm (log axes).162
A.2 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 1.2 cms−1,
clam length = 4.68 cm, and nearest neighbor distance of 3 cm (log axes).163
A.3 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 1.98 cms−1,
clam length = 4.68 cm, and nearest neighbor distance of 3 cm (log axes).164
A.4 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 2.86 cms−1,
clam length = 4.68 cm, and nearest neighbor distance of 3 cm (log axes).165
xiii
A.5 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 0.55 cms−1,
clam length = 4.68 cm, and nearest neighbor distance of 9 cm (log axes).166
A.6 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 1.2 cms−1,
clam length = 4.68 cm, and nearest neighbor distance of 9 cm (log axes).167
A.7 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 1.98 cms−1,
clam length = 4.68 cm, and nearest neighbor distance of 9 cm (log axes).168
A.8 Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 2.86 cms−1,
clam length = 4.68 cm, and nearest neighbor distance of 9 cm (log axes).169
xiv
SUMMARY
The focus of this study was to determine the effect of clam presence and
behavior on the crossflow of the ambient horizontal flow and the effect of ambient
horizontal flow characteristics influence the clam feeding behavior. Hence, there is
a reciprocal relationship between organisms and the physical environment, and this
study ultimately addressed the role of hydrodynamics in the predator-prey relation-
ship between bivalve clams, Mercenaria mercenaria, and their predators, blue crabs
and whelks. The study concludes that clams alter the chemical odorant source char-
acteristics and control the transmission of the chemical signal through altering the
crossflow.
The first part of the study is a field experiment designed to quantify the effect of
the presence and behavior of clams on the crossflow of the horizontal crossflow. The
second part of this study is a two-part laboratory experiment designed to isolate the
influence of environmental factors on clam behavior. One experiment quantifies the
unsteadiness of the clam excurrent jet velocity time record according to environmental
cues such as the horizontal crossflow velocity, the density of the clam patch, and the
size of the clam. The second laboratory experiment quantifies the unsteadiness of the
jet velocity values according to the presence of predator cues in the upstream flow.
Clams are found, using an ADV system in the field, to alter the vertical distribu-
tion of velocity according to the sediment in which they are buried. Also, turbulence
characteristics, such as Turbulent Kinetic Energy and Reynolds shear stress, are al-
tered in the presence of clams according to the ambient horizontal crossflow velocity
and treatment site.
The laboratory flume PIV system captured vector plots for two-dimensional planes
xv
that bisect the clam excurrent siphons and clam jet velocity time records were ex-
tracted. A fractal analysis and a lacunarity analysis of the jet velocity time records
found that clams alter their jet excurrent velocity unsteadiness according to the hor-
izontal crossflow velocity. This behavioral change may contribute to the differences
in the turbulence characteristics in the field experiment. Another result from the
laboratory experiments is that the effect of clam patch density on the feeding activity
was dependent on the size of the organism. This size/density dependent relationship
suggests that predation by blue crabs dominates the system since larger clams are no
longer susceptible to blue crab predation, whereas clams of all sizes are susceptible to
whelk predation. Finally, clams increase the randomness of their excurrent jet veloc-
ity values when predator cues are located in the upstream flume flow. This suggests
that the presence of predators elicits clam behavior that promotes the mixing and




The goal of this study is to quantify the excurrent siphon flow and modifications
to the crossflow by the bivalve clam, Mercenaria mercenaria. The predator-prey
relationship between blue crabs, Callinectes sapidus, and knobbed whelks, Busycon
carica, and their bivalve clam prey, Mercenaria mercenaria, is influenced by the filter
feeding behavior of clams, [178]. In this system, clams release chemical metabo-
lites to the estuarine water through their excurrent feeding siphon, the chemicals
are transported downstream by the flow, and predators encounter the chemicals and
travel upstream to locate the clams. This interaction is mediated by three distinct
phases of the chemical interaction: generation of the chemical signal, transport of the
chemical downstream, and the acquisition of the chemical information. Much of the
current literature on this predator-prey relationship is focused on the acquisition of
the chemical plume and the behavioral reaction by the predator (e.g., [117], [82], and
[186]). This study attempts to understand the generation and transmission of the
clam metabolyte chemical signal, specifically how the behavior of the prey modifies
the local flow dynamics that transport those chemicals.
Clam behavior modifies the release of chemical metabolites to the flow and poten-
tially alters the distribution of boundary layer momentum. Clams bury themselves in
the substrate and extend their feeding siphons into the water column. Water enters
the incurrent siphon, passes through the interior of the clam body, and out through
the excurrent siphon. Clams have the ability to control the height and diameter of
the excurrent siphon and the rate at which they pump water out of the excurrent.
Also, Mercenaria mercenaria have been known to control the times and manner in
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which they feed ([150] and [37]). In fact, they have been known to stop feeding
when predators are present in the upstream flow [151]. Further, the excurrent flow
geometry appears similar to a jet-in-crossflow, which has been shown to modify the
vertical distribution of momentum of the boundary layer (e.g., [7]). Analogous to the
engineering examples, there is evidence that the presence and behavior of bivalves
and other organisms modifies the momentum distribution of the boundary layer flow
([33], [195], and [131]). By altering the crossflow, clams may control the transport of
their chemical signal downstream, and subsequently influence predation rates.
Understanding of biological influence on hydrodynamics requires extensive and de-
tailed understanding of specific organisms, the types of behaviors that they display,
and the environmental cues that alter those behaviors. There may be clam behavior
that promotes certain hydrodynamic conditions within the predator-prey system that
decrease the ability of predators to locate their prey. These hydrodynamic conditions
may be controlled by the source characteristics, the boundary layer momentum char-
acteristics, or both. There may be hydrodynamic characteristics that decrease the
predation rates on the bivalve clam with respect to their predators that may, in turn,
dictate the clam behavioral influence on the boundary layer momentum (see Figure
1.1).
The specific objectives of this study are as follows: 1)Determine the effect of
the presence and pumping behavior of clams on the distribution of boundary layer
momentum under natural field conditions, 2) Decouple the presence and behavior
of clams by quantifying the filter feeding source characteristics for varying external
hydrodynamic conditions in the laboratory flume, and 3) Quantify the filter feeding
source characteristics in the presence of a blue crab predator in the laboratory flume.
2





This chapter reviews studies related to the influence of the clam, Mercenaria merce-
naria, on the crossflow, the mechanism of olfactory tracking, and the techniques used
to address many of the study questions. The first section reviews studies on bound-
ary layers in estuaries and the effects of biological organisms on the boundary layer.
A section on jets-in-crossflow literature is included to inform of possible characteris-
tics of the clam excurrent feeding jet. The next section outlines current knowledge
about bivalves and specifically Mercenaria mercenaria, such as where they are found
and how they filter feed. Clams release chemical metabolites through their excurrent
siphons that create a chemical plume in the downstream turbulent flow. Therefore,
a section reviews the nature of chemical plumes and how passive scalars are trans-
ported in turbulent benthic boundary layers. Finally, a section reviews organisms
that use chemical plumes for tracking and clam predators to provide the context of
chemically-mediated predator–prey interactions.
2.1 Field Boundary Layers
Acoustic Doppler velocimeters (ADV’s) have typically been used in the recent past to
quantify boundary layers in the field. These devices use acoustic waves to determine
the three components of velocity averaged over a volume of the flowing liquid. Several
studies have addressed the spatial accuracy of ADV’s (e.g., [173] and [139]). Voulgaris
and Trowbridge (1997) found that ADV’s measure velocity and Reynolds stresses to
within 1% of values recorded by laser Doppler velocimeters (LDV) and that the
difference can be attributed to the size of the measurement volume. They also found
that the deviation of the velocity value increased close to the sediment surface because
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of intersection of the measurement volume with sediment grains. In fact, Precht
et al. (2006), through their comparison of ADV and LDV data, found that ADV
measurements are not reliable at distances from the bed within two and a half times
the height of the measurement volume.
Other considerations that must be taken into account when using ADV’s is that
spikes must be removed from the raw data and that ADV’s do not distinguish between
turbulence and wave contributions to the velocity sample. Filters must be employed
to remove anomalous spikes that occur due to aliasing of the acoustic signal [61].
Spikes in the data do not represent the true values of the velocity at those points in
time and, if included, exaggerate the Reynolds stresses and turbulent kinetic energy.
Goring and Nikora (2002) suggest several methods for removing spikes, such as an
acceleration threshold or a phase-space threshold. Once the spikes have been removed,
the wave energy must be distinguished from the turbulence energy. When using an
ADV in a laboratory setting, where the researchers have greater control over the
flow conditions, the values of velocity that are collected represent the turbulence
energy of the flow. Field conditions are much harder to control and the data contain
contributions to the flow from several energy sources. There are several studies that
suggest ways to overcome this problem by removing the wave energy from the raw
field data (e.g., [17] and [148]). Shaw and Trowbridge (2001) suggest using two
measurement devices separated in space by a distance greater than the spatial scale of
turbulence and less than the spatial scale of the wave energy. Bricker and Monismith
(2007) develop a spectral method of removing wave energy from the time records that
assumes equilibrium turbulence and no interaction between turbulence and waves.
The wave removal techniques and theory presented in Trowbridge (1998) and
Shaw and Trowbridge (2001), and expanded by Feddersen and Williams (2007), can
be used for wave removal and also to justify the assumption of horizontal homogeneity
in calculations of Reynold’s stresses. These articles assume that if two sensors (in our
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case, ADVs) are separated by a distance that is between the spatial scale of wave
energy and that of turbulence energy, the shear stresses at these two points are
essentially equal, [164], [148], and [52]:
[u′i(xi + ri)u
′












Smith et al. (2002) uses the horizontal homogeneity assumption to calculate
Reynolds stresses without wave bias with simultaneous underwater PIV systems. The
PIV image planes were separated by a distance of 1.5 m horizontally, [152]. Extensions
beyond the assumption of homogeneity of Reynolds stress to include homogeneity
of the mean velocity are common in field studies. Ferner et al. (2009) separated
clam plot treatments by a distance of 5 m and calculated mean daily longitudinal
velocity values at the same height above the substrate. They found no statistical
difference in the mean velocity values for the two separated sites using the ADV’s
employed in the current study and at sites in close proximity to the current study [53].
Judge et al. (1992) and Powers and Kittinger (2002) both assumed equal flow rates
with an approximate horizontal spatial distance of 1.2-1.5 m in their field channel
experiments. There are several other examples of studies that assume mean velocity
values are comparable over short distances in field settings, [84] and [174]. While this
assumption has not necessarily been proven correct, it has been used extensively in
field biological literature to demonstrate the relationship between biological organisms
and hydrodynamics.
There are several examples of boundary layer profiles in the field that give insight
into the types of information that is available to researchers (e.g., [79], [67], and [29]).
Gross and Nowell (1985) used current meters at low frequency to capture velocity
time records for the entire boundary layer. They were attempting to describe the
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mean flow field using the shear velocity calculated from the velocity time records and
the distance above the substrate. The velocity profiles gave estimates of the shear
velocity to within 10% of the values calculated based on the inertial range of the
velocity spectra. At the time (i.e., predating ADV technology), this was considered a
good approximation of the mean flow. After the widespread use of ADV’s, researchers
were better able to determine shear velocities and approximations for the roughness
length of the flow. Collins et al. (1998) assumed a logarithmic relationship between
the velocity values and the height above the substrate. However, in the field, they
found that the logarithmic profiles were confounded by rotary tidal currents, wind
effects, wave action, and secondary flows.
A recent example of ADV use in the field developed a new system for controlling
the height of the measurement volume by raising and lowering a platform in which
the ADV was mounted [79]. Kawanisi and Yokosi (1994) measured boundary layer
profiles over several tidal cycles in the Ota River estuary and found that stratification
changes in the ebb and flood tides greatly influenced the boundary layer. Therefore,
in tidal channels the boundary layer momentum is dependent on the temporal nature
of the flux Richardson number [89]. The Hudson River estuary was also found to
be consistent with the law-of-the-wall during flooding tides and inconsistent during
ebb tides [165]. Trowbridge et al. (1999) determined that the stratification of the
Hudson River estuary was insufficient to account for the differences over the tidal
cycle. Therefore, field boundary layer characteristics are dependent on the temporal
position of the tide and this must be taken into account when collecting field velocity
time records. The control of field characteristics and contribution to the boundary
layer hydrodynamics is often difficult and overwhelming. In a review of tidal flat
hydrodynamics, Le Hir et al. (2000) looked at many of the physical forcing parameters
that control flow. They concluded that organisms (both plants and animals) within
the flow have an unknown contribution to bed roughness or changes to the momentum
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distribution. In fact, they state that biological components may contribute to seasonal
differences in the flow dynamics in natural settings.
A large portion of coastal estuaries are small, shallow, and tidally-driven, whereas
much of previous research focus has been on larger estuaries. While clams are found
in both types of estuaries along the eastern coast of North America, this study focuses
on the small, tidal channels upstream of Wassaw Sound, Georgia, USA ([150], [54],
and [151]). Several recent journal articles outline the ecological and hydrodynamic
characteristics of the small estuary on Eprapah Creek on the Southeast Coast of Aus-
tralia ([162], [161], [23], and [24]). Chanson et al. (2008) concluded that ADV data
from small estuaries requires a specific, rather than general, post-processing technique
to give usable velocity and turbulence information. Their study included hydrody-
namic, physio-chemical, and ecological measurements collected simultaneously and
extensively for the entire tidally-influenced reach of the small estuary [23]. They
found that the largest velocities in the estuary occur directly before and after low
tide and that the entire reach is controlled by the flood tide resulting in high resi-
dent times within the estuary [162]. Turbulence properties in Eprapah Creek were
dependent flood and ebb tides, spring and neap tides, and location within the estuary
[161]. The assumptions for large estuaries, with respect to turbulence characteristics,
cannot be used for small estuaries due to large bathymetric to depth ratios [161].
Therefore, in small estuaries there is a wider range of hydrodynamic characteristics
within a spatial extent when compared to large estuaries. In fact, in shallow estu-
aries the surface slope and shear stress dominates the flow equations [149], and the
sediment does not dampen the turbulence [166].
2.1.1 Relationship Between Biota and Boundary Layers
The momentum distribution in a benthic boundary layer is affected by the flow charac-
teristics such as velocity, elevation, depth of the flow, and a roughness size associated
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with the sediment. Jackson et al. (2007) found that with larger roughness elements,
the ability of crabs to locate prey decreased due to increased turbulence. Stream
invertebrates and fish have also been shown to behaviorally alter the flow to lessen
the forces that they experience [71]. It has also been shown that there are gradual
changes in the types and species of benthic organisms depending on the flow charac-
teristics along streams in Western Australia [68]. Growns and Davis (1994) found that
as the hydrodynamic characteristics along a river channel altered, the distribution of
organisms also gradually altered. However, when flow conditions were modified to
increase turbulence and decrease flow rate in a study by Robson et al. (1999), there
was no difference in biological abundances over the short term.
Biological entities can alter the roughness characteristics of the flow through
changes to the sediment or other objects such as bed forms or biological structures.
Structures in the flow include macrophytes such as sea grass beds or marine plants;
infaunal structures such as mussel shells or tubes protruding from the sediments; algal
mats that coat and cement the sediments; or organism bodies such as crabs, snails,
or sponges. The presence and behavior of organisms in the flow can act to stabilize
or destabilize the sediments and modify the momentum of the boundary layer [125].
For example, Hydropsyche siltalai significantly lower the ambient velocity of the flow
downstream of larvae microhabitats [46]. Flow streamlines are modified by the size
and shape of biological obstructions in the flow. The quantity and quality of food
particles available to feeding marine organisms is modified by flow interactions with
the organism body [1]. Abelson et al. (1993) hypothesized that body shape dictates
the types of particles available for consumption. Their velocity profile is based on the








with U as the free stream velocity, u(z) as the flow velocity at height z, and zo is the
boundary layer thickness. Concentration models indicate that small height-to-width
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body sizes were presented more often with benthic sediments while large height-to-
width body size had more access to suspended particles [1]. Large height-to-width
organisms, such as sea grass beds (Spartina alterniflora) change sediment transport
and flow characteristics. Chemical plumes downstream of sea grass mimics had more
dilute concentrations than plumes without obstacles in the flow [56]. These habitats
are home to many marine organisms that could use the sea grass beds to hide visually,
mechanically, or chemically.
The hydrodynamics of the flow is also affected by the density of the sea grass
within the patches. Higher density patches tended to cause streamlines to travel
over and around the patches rather than through, as in the case of low density beds
[16]. With ambient streamlines traveling over the patches, the sea grass bed may be
considered one structure with small height to width ratio, whereas the low density
patches are considered a group of individual cylinders in the flow. Bouma et al (2007)
found that sediment transport varied considerably through beds of sea grass mimics
in field, laboratory, and model studies. Therefore, the effect of biological obstacles
in the flow is complicated by the size, shape, and abundance of the organisms. The
system is more complicated than simply concluding that macrophytes stabilize or
destabilize the sediments.
Biota has historically been categorized in the sediment/biological literature as
either sediment stabilizers or destabilizes [190]. Stabilizers influence the bed by pro-
tecting the sediments from resuspension by physically covering the sediments, or
providing cohesion between sediment grains. Destabilizers increase the roughness of
the sediments by digging action or by increasing the shear stress on the bed by mod-
ifying streamlines. Somewhat counter intuitively, the same biological behavior can
be considered both stabilizing and destabilizing [87]. For example, snails leave a trail
as they move through the sediment. With smooth bed conditions, the trail increases
the roughness of the bed; with rough bed conditions, the trail smooths the bed [87].
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Cadisflies have been found to increase the bed stability by building feeding nets in
the pore spaces between sediment grains increasing the critical shear stress necessary
for sediment scour [19], and Hydropsyche increases the critical shear stress by silk
threads between gravel [154].
Other benthic organisms modify the flow by modifying the sediment size. Deposit
feeders alter the sediment grain size by ingesting small grains, leaving higher pro-
portions of larger grains [104]. After ingestion, larger sized fecal pellets also increase
the mean sediment size [88]. The natural life process of ingestion and digestion by
deposit feeders significantly increases the roughness length of the flow.
Biota also significantly decrease the roughness length by creating a biological mat
or crust over the top layer of sediments [195]. Wright et al. (1997) found a field site
in the dry Tortugas that would be dominated by bed forms, but the roughness was
controlled by shrimp burrows and worm mounds due to the presence of the crusted
algal/sediment mat. They assumed that the bed shear stress consisted of the sum of
form drag, τfd, and skin friction, τ
′:
τo = τfd + τ
′ (2.4)
Scour occurs when the bed shear stress, τo, is above a critical level, τcr.
Cementing of the sediment grains by biologically-secreted mucus could increase
the critical shear stress necessary for sediment entrainment [125]. The velocity profile
equation used by Wright et al. (1997) and many other studies to determine the










where κ is the von Karman constant, 0.41, z is the height above the sediment, u(z) is
the fluid velocity, u∗ is the wall shear velocity, and the roughness length, zo, is assumed
to be the z intercept of the logarithmic velocity profile. The total roughness height,
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kb, is assumed to be 30zo and consists of contributions from the grain roughness, bed
form roughness, and biological roughness.
The above approach was also used to determine the biological effects on the bound-
ary layer momentum in the lower Chesapeake Bay where organisms dominate the bed
roughness features [196]. Equation 2.5 was used in many studies to determine how
biology affects the logarithmic velocity layer; however, other features of turbulence
and boundary layers also may be affected. Periphyton communities cover much of
the benthic sediments in streams, and are best described as algal mats that grow on
stream sediments. The effect of periphyton mats on velocity distribution, kurtosis
coefficients, Reynolds stresses, relative turbulence intensity, coefficient of eddy diffu-
sivity, velocity spectra, and Kolmogorov turbulence scales in a laboratory flume was
determined [129]. The biota modified the turbulence quantities selectively, not only
near the sediments but throughout the logarithmic layer [129]. The authors used













with ρ as the water density.
With Equations 2.5 and 2.6, Nikora et al. (1997) concluded that the periphyton
mat modified the velocity distribution, Reynolds stress, coefficient of eddy diffusivity,
and velocity cross spectra. Dense aggregations of mussels form a sediment covering
that stabilizes sediments, as with periphyton mats, but adds roughness height due
to the shell structure and feeding siphons. Van Duren et al. (2006) used Equation
2.5 to quantify the boundary layer and turbulence intensity over actively pumping
mussel beds in the laboratory. They found that the shell structure added a form drag
contribution to the bed shear stress and an internal boundary layer formed over the
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mussel bed. Another study of laboratory mussel beds did not have evidence of an
internal boundary layer [18], but they did not adequately resolve the velocity profile
in the large velocity gradient region. Unlike Nikora et al. (1997), van Duran et al.
(2006) determined that turbulence intensity was highly affected by the presence of
biota, particularly when the mussels were actively pumping. This indicates that other
bivalves, especially those that increase the form drag of the system, may also alter
the boundary layer. A study by Nikora et al. (2002) found that the development of
the internal boundary layer was dependent on the density of bivalves within the bed
and that the beds were too small for the second log layer to develop extensively. The
bivalve clam, Mercenaria mercenaria, create bumps and pockets in the sediment as
they bury themselves and project their siphons into the water column, which may
increase the form drag in the boundary layer. However, over coral reefs it has been
determined that the local roughness has less of an effect on shear and mixing than
larger scale roughness features of the water/sediment interface [144]. Therefore, the
local size and shape of the roughness characteristics associated with the presence and
shape of bivalve clams may have little effect on the macroscale shear and mixing
over the region. Van Duren et al. (2006) determined that the biological effects
were less pronounced at higher ambient flow rates, which may indicate that local
scale characteristics are more important in low flow conditions. These results may
be species specific due to an earlier study that found the opposite effect with the
deposit feeder Spiophanes krøyeri ; low flow rates resulted in the lowest effects on the
boundary layer momentum by the deposit feeder [157].
A review of the biological/sediment literature concluded that the impact of organ-
isms on the flow generally decreases with increasing sediment transport [87]. However,
Jumars and Nowell (1984) based these assumptions on Equation 2.5. They termed
their conclusion as an envelope of biological effects that modify the momentum of
lower velocity flows with particular influence when the flow characteristics are close
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to the critical shear stress [87]. There is one study that does not oversimplify the
logarithmic boundary layer by using Equation 2.5. Crimaldi et al. (2007) found that
the siphon presence and the jet flow of mimic bivalves in flume experiments modified
the velocity profile and the turbulence intensity distribution. They did not attempt
to find a roughness coefficient or velocity stress for the flow, but did include the
Reynolds stress effects [33]. They used bivalve mimics in a laboratory flume with an
otherwise smooth bed and concluded that the presence of siphons and excurrent jets
had a large impact on the turbulence intensity throughout the logarithmic layer. A
field study of bivalve mimics, although poorly executed, supported their flume results
[84]. Despite the low number of studies conducted in this research area, previous
literature leads to the conclusion that biota effects on hydrodynamics are spatially,
temporally, species, and situation specific.
2.2 Jets in Crossflow
The excurrent siphon of the bivalve clams, Mercenaria mercenaria, appears much like
a vertical jet-in-crossflow. Depending on the source characteristics: velocity, height,
and diameter, the excurrent flow could be a laminar or turbulent jet. Also, the ambi-
ent conditions of the receiving flow dictate the cross flow effects. Early experimental
and numerical studies determined the viscous stability of laminar vertical jets with
and without thermal buoyancy [115]. They found that a symmetric mode is uncondi-
tionally stable, an asymmetric mode is unstable, and that positive thermal buoyancy
destabilizes the jet [115]. If the sediment and the ambient fluid are at different tem-
peratures, a pumping clam will change temperature to gradually match that of the
water [38]. Hence, there is a thermal exchange between the clam body and filtered
fluid resulting in the release of thermally-altered fluid to the ambient flow. In this
case, the siphon excurrent fluid temperature will be altered compared to the receiving
fluid temperature and buoyancy will have an effect.
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Other researchers have studied laminar jets into immiscible fluid over a range of
Reynolds numbers [145]. The fluid exiting the clam will have fewer particles and
more chemical metabolites and will have a slightly different density than the ambient
fluid. Although they have slightly different densities, they cannot be considered
immiscible fluids. Chhabra et al. (2005) studied turbulent jets into a quiescent fluid
of greater viscosity. They found that when the viscosities are equal, the turbulent
stress dominates [25]. At an ambient to jet viscosity ratio of 20, the jet has the lowest
velocity decay rate, the lowest mass flux, and the lowest value of velocity spread rate.
There are many experimental studies capturing the jet velocity [78], turbulence
intensity and kinetic energy [15], and entrainment velocity [48] of turbulent axi-
symmetric jets. These studies are concerned with near field characteristics of the
turbulent jet flow. Velocity profiles in the jet should approach a self-similar shape if
the jet velocity is steady. High Reynolds number self-preserving jets have been stud-
ied and determined to be self-similar at 70 diameters downstream of the jet orifice
[198] and have decreasing amounts of unmixed ambient fluid reaching the centerline
with increasing Reynolds numbers [34]. Steady jet flow is required for self-similarity,
therefore these analyses may not apply to clam excurrent flow, depending on the
siphoning characteristics.
Tidal conditions in the clam habitat provide quiescent to highly turbulent ambient
flow, hence clam siphons appear be more closely related to jets-in-crossflow than axi-
symmetric jets. It has been determined that the turbulence level in the wake of a jet
in crossflow is higher and in a more equilibrium state than in the flow upstream of
the jet [94]. However, it is the non-equilibrium turbulence upstream of the jet that
controls much of the transport of concentration, mass, and momentum of the system
[94]. Kim and Benson (1992) concluded that turbulence intensity of the fluid may not
provide enough information about the dynamics of the system because the location
of highest intensity does not contribute to the entrainment.
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There are several flow structures present in the near field of the interface of a
jet into the ambient crossflow such as wake vortices, shear-layer vortices, horseshoe
vortices, and counter-rotating vortex pairs [60] that can be viewed in Figure 2.1.
These structures have been attributed to many sources and have been the center of
much study and debate [122]. Morton and Ibbetson (1996) outline the findings of
the classical literature and address the resulting inconsistencies in the explanations
for the source of the circulation. They concluded that all of the structures listed
above are present in all jet-in-crossflow cases, but the stability and strength of the
structures depend on the flow characteristics such as jet Reynolds number and jet-
velocity-to-ambient-velocity ratio. The most controlling of the characteristics is the
ratio of the jet velocity and crossflow velocity, v/U . For example, the wake vortices
are alternating vertical vortices downstream of the jet originating from the separation
of the upstream boundary layer and are entrained into the jet. They are much less
dominant and regular at low v/U values [60], which are comparable to the range of
clam excurrent velocities. In the case where v/U is close to unity, wake vortices are
less dominant than jet-shear layer vortices [113]. Andreopoulos (1985) found that
the large scale vortex rings are shed from the jet entrance at intervals that depend
on the Reynolds number of the jet, Rej, and the velocity ratio, v/U . Another study
also found that the frequency of the vortex shedding depends on the velocity ratio
between the jet and the crossflow, and that this frequency is the same as that of the
upstream recirculation frequency [98]. In fact, the frequencies calculated in this study
confirm that the wake vortices of jets are not the same phenomenon as the Karman
vortex street shed from cylinders in a flow [98].
Jet trajectory is also controlled by the velocity ratio between the jet and the
ambient crossflow. Near-field trajectories follow a power law relationship that depends
on the angle in which the jet enters the crossflow, the height of the jet orifice, and the
velocity ratio, v/U [197] (see Figure 2.2). An extensive study by Andreopoulos and
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Rodi (1984) suggests that as v/U decreases, the bending of the jet in the near field
increases and the crossflow streamlines deflect vertically over the jet streamlines. For
large v/U , the jet is more erect and the crossflow streamlines deflect around the jet,
see Figure 2.1. The authors claim that at low v/U values, the crossflow strength tends
to suppress the leading side of the jet orifice forcing much of the jet flow to increase
in velocity and exit out downstream half of the orifice. There are several numerical
studies of jets in crossflow that compare simulation results to the experiments of
Andreopoulos and Rodi (1984) and others (e.g., [40], [155], [128], and [127]). The
numerical results of Sykes et al. (1986) suggest that the vortex pair that dominates
the downstream jet cross-section can be attributed to the streamwise vorticity of the
vertical jet for large values of the velocity ratio. A turbulent jet in laminar crossflow,
with a v/U of 2, resulted in counter rotating vortex pair dominating the cross-section
[73]. Sykes et al. (1986) was less conclusive about the source of the vortex pair under
low v/U conditions than high velocity ratios. Demuren (1992, 1993) found that at
low v/U values, it is necessary to model the flow within the jet pipe since the strength
of the crossflow was such that it forced the flow out through the downstream half of
the jet orifice at a higher velocity, see Figure 2.1.
It should be noted that Andreopoulos and Rodi (1984) compared their turbulent
jet characteristics to dye visualizations of laminar jets in laminar crossflow. Therefore,
the numerical studies that compare their results to Andreopoulos and Rodi (1984),
also compare their results to laminar jet dye visualization (e.g., [180], [39], [40], [155],
[128], and [127]). In fact, Demuren (1992) used a laminar flow to test the numerical
grid and found that multigrid convergence rates are quite good in comparison to
single grids. Morton and Ibbetsen (1996) used both laminar and turbulent crossflow
and jets and found that a vortex pair was present over a large range of v/U and
Reynolds numbers. In fact, Meyer et al. (2007) found that there were less distinct
vortical structures as turbulence increases and that most dye visualization studies
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Figure 2.1: A 3D view of a jet in crossflow from Andreopoulos and Rodi (1984).
Figure 2.2: A 2D view of a jet in crossflow from Rajaratnam and Gangadharaiah
(1983).
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that show the vortical structures use laminar flow for both crossflow and jet. There
are also several studies that use laminar theoretical assumptions applied to turbulent
jets ([94] and [73]). The jet Reynolds number, Rej, that indicates a turbulent or
laminar jet is under some debate in the literature. Boguslawski and Popiel (1979) set
a limit that round jets can be considered turbulent above a jet Reynolds number of
103. However, Richards et al. (1993) considered their jets as laminar and used jet
Reynolds numbers of 1957 and Wygnanski and Fiedler (1969), with a jet Reynolds
number of at least 105, measured turbulence intensity of approximately 0.1% and
claimed that the jet was essentially laminar. Table 2.1 outlines the characteristics of
several jets-in-crossflow studies. The indications of laminar or turbulent in Table 2.1
are those claimed by the authors of the respective papers.
The velocity ratio controls the shape of the jet cross-section and subsequently the
entrainment of ambient flow into the jet. The result of greater entrainment in the ex-
current jet of the clam is lower concentration of clam metabolites in the downstream
plume. With a v/U value much less than one, the jet is severely bent over and re-
mains in the crossflow boundary layer [122]. Morton and Ibbetson (1996) found that
entrainment is highly dependent on the velocity ratio and has a maximum where the




)0.5, has a value of 4.3, where d is the diameter of the jet
and l is the length of the jet orifice. Values of the modified velocity ratio above and
below this value have lower entrainment values [122]. Adler and Baron (1979) de-
veloped an equation for the entrainment and cross-sectional area of a jet-in-crossflow
system and were able to compare their mathematical model to previous experimental
data. They accurately predict the mixing and velocity fields of the downstream jet
[4]. The momentum of the entrained fluid is responsible for the bending of the jet
seen in Figure 2.2 [27] and the entrained fluid enters on the downstream side of the jet
[122]. There is also evidence to suggest that the angle the jet orifice to the ambient
flow direction has influence on the entrainment rate [180] Wegner et al. (2004) found
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numerically that there were higher rates of entrainment with higher rates of jet un-
steadiness controlled by the angle in which the jet enters the flow. More entrainment
of the receiving fluid leads to lowered concentrations of a passive scalar in the jet
fluid. Therefore, depending on the ambient conditions there may be various velocity
values and siphon angles that would promote mixing of clam metabolites.
Since there may be multiple clams buried in the same area, there may be multiple-
jets-in-crossflow. The many jets may interact to affect entrainment or the presence
of structures in the flow [170]. In fact, for air jets into vertical crossflow of water, the
spacing of the multiple jets affected the stability of the flow [170].
2.2.1 Unsteady Jets
There is evidence that an unsteady jet results in higher entrainment rates. Chang
and Vakili (1995) found that periodic disturbances to the steadiness of the jet flow
increases the entrainment rate by creating vortex rings in the jet flow. In fact, lower
frequency of disturbances, especially at lower velocity ratios, lead to higher trajecto-
ries of the vortex rings [22]. With higher vortex trajectories, more ambient fluid is
entrained into the jet cross-section by the vortex. Therefore, unsteady jets that have
lower frequencies of disturbance have higher rates of mixing and lower scalar concen-
trations. Hermanson et al. (1998) also found that pulsed jets had more persistent
vortex rings than steady jets and entrained more ambient fluid. They found that at
low frequency pulsing rates, the vortex rings were more widely spaced and therefore
did not interact with one another [72]. As the frequency increased the jet behaved
more like a steady jet. Johari et al. (1999) looked at both the frequency of the
pulsed jet and the duty cycle (the fraction of the pulse period that the jet is turned
on) to find a combination that optimizes the entrainment. They found that vortex
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































penetration into the flow field [83]. Therefore, reducing the duty cycle at fixed fre-
quency or decreasing the frequency at a fixed duty cycle increases the dilution of the
pulsed jet. Pulsed jets always had higher penetration and more rapidly downstream
dilution than non-pulsed jets [83]. The velocity ratio does have an effect on the types
of vortices that form with the pulsed jets [147]. Above a velocity ratio of two, vortex
rings are formed and below the velocity ratio of two, hairpin vortices form when with
direct numerical simulation by Sau and Mahesh (2008) and the hairpin vortices are
compared to horseshoe vortices [81]. For low Reynolds numbers shedding of hairpin
vortices is periodic and the frequency depends on the Reynolds number [147]. Jabbal
and Zhong (2008) used a synthetic jet powered by a diaphram, therefore having both
source and sink characteristics, to identify vortical structures that would delay sepa-
ration on a 2D cylinder. They begin with a laminar jet in a laminar boundary layer
and assume that the vortical structures created will also be present with synthetic
jets and turbulent flow. They find a velocity ratio limit of 0.4 for the formation of
hairpin vortices rather than the 2.0 that Sau and Mahesh (2008) determined.
There are several studies with synthetic or zero-net-mass-flux jets into quiescent
flow that may also give insight into unsteady jets in general. The spreading rate of
the zero-net-mass-flux jet is larger than a steady jet for the entire measurement do-
main of Cater and Soria (2002). Their results are similar to those outlined above by
Johari et al. (1999) who studied pulsed jets into a crossflow. Cater and Soria (2002)
determined that at low Reynolds numbers and high pulse frequencies the vortices in
the dye stream completely interact and have little ambient fluid entrainment. How-
ever, when laminar vortex rings are present and not interacting with one another,
entrainment rates are much higher due to persistence of the vortex rings [20]. Bera
et al. (2001) looked at both zero-net-mass-flux jets and those with constant outward
mass flux but similar pulsing behavior. They found that both types of pulsed jets had
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higher entrainment than steady jets and both fostered the formation of laminar vor-
tex structures. However, they found that the constant outward mass flux jet vortices
formed farther downstream than the vortices for the zero-net-mass-flux jets.
2.3 Bivalve Clams, Mercenaria mercenaria
There are many reviews and studies that discuss the importance of understanding ol-
factory tracking and how it affects community structure and ecological trophic levels.
However, many studies have considered the source chemical release characteristics as
a constant in the process rather than a variable. There are few studies that char-
acterize the behavior of the source and how it changes with shifting environmental
characteristics. An early review of the factors that affect bivalve feeding and growth
looked at quantity of food, salinity, pH, temperature, and light intensity, but they did
not determine how fluid dynamics affects bivalves [194]. Also, a review of olfactory
predation presents several studies that address the ability of prey to alter their release
characteristics in response to several of the factors presented above[184]. The review
states that there is little understanding of source alterations due to flow characteris-
tics. The current study concentrates on the olfactory predation system of blue crabs
and knobbed whelks and their infaunal clam prey, Mercenaria mercenaria.
Clams are bivalve organisms that bury themselves in the sediment and extend their
tubular siphons to the sediment surface. Clams feed by drawing water in through an
incurrent siphon, filtering out the food particles, and releasing the filtered water back
to the water column through their excurrent siphon. As the water passes through
the body of the clam, waste metabolites are picked up and carried out through the
jet-like excurrent siphon. The metabolites released are transported downstream with
the ambient flow and create the chemical plume that is tracked by predators. The
following subsections discuss the environments where clams settle and are found;
general information on the behavior of bivalves; how pumping, filtering, and growth
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rates are modified; and the results of clam mimic studies.
2.3.1 Locations and Larval Settlement
The environments in which clams live are dependent upon several factors occurring
throughout the clam life cycle. Clam larvae are carried by the flow and must settle to
the sediment before becoming adult clams. Hence, larval settlement is highly depen-
dent on hydrodynamics of the flow. In fact, hydrodynamics may be the single most
important factor contributing to benthic ecology [70]. Fluid motion determines the
settlement location of bivalve larvae and therefore affects the density of adult clam
aggregations. The study by Hart et al. (1996) suggests that larvae are not merely
passive particles but actively seek settlement in locations of specific hydrodynamic
conditions because the location of settlement may determine the likelihood of reaching
adulthood. The search for specific hydrodynamic conditions suggests that fluid me-
chanics affects the entire lifecycle of clams. If predators are less successful in specific
flow conditions, clam larvae that settle in regions characterized by these conditions
may have higher likelihood of survival and therefore greater fitness. Locations that
have higher clam densities or larger numbers of adult clams may be hydrodynamically
desirable settlement regions. Larval settlement in the regions that already have adult
clams present could have several effects on clam populations. Juvenile clams may
be somewhat protected if settlement occurs in patches of adult clams. High density
patches may appear as one large, hard to eat prey. Also, higher density could mean
that loss of only a few clams out of the group minimally influences the overall popula-
tion. Alternatively, juveniles may be at greater risk when settling in established clam
beds. Higher clam densities may release a larger flux of odorant and, therefore, be
more attractive to potential predators. There may be an advantage to large nearest
neighbor distances to decrease the odorant release flux. Although, there is evidence
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that the presence of pumping clam siphons increases the variability of larval settle-
ment and on a large scale could enhance settlement in already established clam plots
[47].
Once the larvae settle, the clam environment must provide food, shelter, and
other necessary aspects of life. A survey completed in the Chincoteague Bay area
of Maryland determined abundances of Mercenaria mercenaria according to bottom
type and current [188]. The researchers found that there were higher abundances
of clams in shell hash sediments compared to mud and sand and higher abundances
in regions where the currents were relatively high for the surrounding region. These
findings suggest several possible explanations for the high clam densities. It is possible
that larger numbers of larvae are settling in regions of high flow rates and abundant
angular sediments. It could also suggest that more clams are reaching maturity and
surviving in these regions. Both high currents and large, jagged sediments contribute
to higher roughness Reynolds numbers and therefore more turbulent flow regimes.
Further, these two factors may contribute to creating hydrodynamic conditions that
hinder the predation success of dominant tracking predators.
2.3.2 General Bivalve Behavior
Hart and Finelli (1999) suggest that fluid motion is the dominant forcing that con-
trols stream communities. Therefore, ecological researchers should concentrate on
the cause and effect relationship between hydrodynamics and benthic organisms, see
Figure 1.1.
Adult clams display several documented behaviors during their lifecycle that cor-
relate with factors in the environment. The bivalve Mya arenaria, a soft-shell clam,
has been found to orient their body such that the siphons are side-by-side in a plane
perpendicular to the dominant current direction [171]. The researchers suggest that
this orientation reduces the refiltration of fluid that has already passed through the
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excurrent siphon. In fact, Monismith et al. (1990) found that significant refiltration
occurred when the incurrent siphon of a clam mimic is downstream of the excurrent
siphon. Clams that are subject to tidal flow with two dominant and opposite cur-
rent directions, would decrease refiltration by orienting their siphons perpendicular
to the current. Clam orientation does not seem to affect stomach content [158] which
suggests that refiltration avoidance only partially explains the behavior.
Benthic infauna are not resource limited [172]. Virnstein (1977) studied the effects
of predators on infauna determining that density and diversity of infaunal species in-
creased when predators were not present. Predators control the local abundances
of bivalves rather than food or space limitations. Hence, clam behavior that avoids
predation would increase fitness more than behavior that controls conspecific interac-
tions. Studies of clam behavior in reaction to predator cues imply that clams are able
to change their feeding behavior to avoid being detected by specific predators ([150]
and [151]). Changes in feeding behavior also change the chemical plume source char-
acteristics. Prey that perceive predator cues stop feeding, which stops the chemical
release through the excurrent siphons and may decrease predation events. Because
clams change their behavior according to chemical cues, they also may be changing
their behavior due to the hydrodynamic cues. Thorin et al. (1998) attempted to
determine the types and frequency of siphon behaviors and found that Mya arenaria
have siphons extended 85% of the time and that they do not extend their siphons
above the sediment. These general clam behaviors appear to be part of the everyday
activities of the organism and they additionally affect the source characteristics of
the chemical plume.
2.3.3 Pumping, Filtering, and Growth
Clams feed on phytoplankton and other small organic particles in the water column by
using their internal pump to pull water in through the incurrent siphon, filtering the
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food particles out of the water, and releasing the filtered water back to the ambient
fluid. The distinction between pumping, filtering, and clearance rates is often unclear
in the literature and are often treated as synonyms. Pumping rates refer to the volume
of water being pumped through the body of the clam over a specified time period.
Whereas filtering rate is the amount of food particles removed from the pumped
water. Clearance rates refer to the amount of food particle loss in the ambient fluid
through the action of pumping bivalves. Although similar, these three parameters
describe different aspects of clam feeding. Clam growth rates are dependent upon all
three of the above aspects of feeding. The volume pumped, the amount filtered, and
the amount of food available in the water column can all affect the growth and fitness
of bivalves.
2.3.3.1 Pumping Rates, Direct and Indirect Methods
There have been two schools of thought when determining the pumping rates of clams
and other bivalves, the direct method and the indirect method. The direct method
either captures the liquid as it exits the clam siphon or otherwise determines the
actual amount of liquid leaving the clam. The indirect method assumes that clams
completely remove all food particles from the water as it passes through the body
and the researchers measure the amount of particles present in the ambient fluid over
time. The indirect method essentially equates the clearance rates and pumping rates
assuming that the filtering rates are 100%. A recent example of the indirect method,
using thermal correlation between the sediment, the fluid, and the body of the clam,
attempted to determine bivalve pumping rates [38]. Defossez et al. (1997) determined
that when the sediment and ambient fluid temperatures were sufficiently disparate,
changes in the internal temperature of the clam were correlated with pumping activity.
While the clam was actively pumping its internal temperature became more similar
to the ambient fluid temperature; during times of inactivity, the internal temperature
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more closely matched that of the sediment. While it is a novel study, it is highly
intrusive and equates thermal gradients with pumping rates.
Until recently directly determining bivalve pumping rates has been quite difficult
and the indirect methods proved to be the best proxy. Before the use of non-intrusive
laser and sonar systems, and even before hot-wire anemometry was in widespread use,
the direct methods were highly intrusive and not very environmentally relevant. For
example, one study inserted a plastic tube into a mussel excurrent, ground down part
of the shell, inserted another tube into the forced opening, and the entire mussel was
embedded in plaster of paris [156]. With this apparatus, they captured the excurrent
flow and compared it to the given incurrent flow. Their most significant finding was
that mussels had resting periods during the pumping behavior every 3-4 minutes
[156]. However, with the intrusive nature of the measurement the clams may not be
behaving in a normal manner. A slightly less intrusive method slips a rubber cone
over the body of the clam capturing only the excurrent siphon flow and leaving the
incurrent siphon outside of the cone [44]. This method was used to determine that
mussel pumping rates are not constant and have resting periods where the bivalve
retracts and the redeploys the excurrent siphon [36]. Davids (1964) also found that
as the concentration of particles in the ambient fluid increases, the pumping rate
decreases. This could mean that because of the high concentration, the clam requires
less flow to retain the same amount of food particles. The pumping rates could also
decrease if the clam filter is being overwhelmed with food particles and pseudofeces
must be expelled from the system. A very complicated example of the direct method
introduces dye to the incurrent siphon at a rate that nearly overwhelms the incurrent
siphon while the flow rate of the incurrent dye is monitored [30], it took several
experimental attempts before clams would pump with the introduced dye. This study
found that larger clams have larger average pumping rates, but they did not record
the temporal variability in the pumping rate. De Bruin and Davids (1970) found
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that bivalves vary their pumping rates over the long term between 250-300 ml/hr and
they found that the thumb of a rubber glove was the best method for capturing the
excurrent liquid. The direct methods described above have attempted to get actual
pumping rates of bivalves without assuming that clearance rates are indicative of
pumping rates. However, the direct methods described are highly intrusive not only
in the flow, but to the organism itself. Hence, the results of these methods are not
indicative of unimpeded clam behavior.
There are a few direct method measurements of bivalve pumping through the use
of hot-wire anemometry and thermister probes. Mercenaria mercenaria excurrent
velocities were collected using a hot-wire anemometer near the outlet of the siphon.
Average velocities of 10 to 14 cms−1 were found and did not vary according to size of
the clam [141]. A study of brachiopods (sessile, two-valved, marine animals) measured
fluid velocity through the shells via the use of a temperature thermister [99]. The
velocities found for brachiopods are not directly applicable to our system since the
ambient water flows between the shells and not through siphons, but the measurement
technique could be useful. Temperature thermisters and hot-wire anemometry are
only intrusive to the flow and do not disturb the animal. Also, given that bivalve
flow rates vary in both the short [156] and long [37] term, having a long time record
of the pumping rates (rather than an average or point measure) is necessary. A non-
intrusive measurement technique that quantifies clam excurrent pumping rates over
large temporal scales at high frequency is needed for complete understanding of the
pumping rates of bivalves.
2.3.3.2 Filtration and Clearance Rates
Hydrodynamics appears to affect both clearance rates and filtration rates. A review
by Jørgensen (1996) details the lack of agreement among studies of bivalve filter feed-
ing stating that the rate of filtering is not affected by the fluid dynamics as some
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studies have concluded [85]. The review states that the effects attributed to hydrody-
namics are actually the result of other experimental conditions. For example, there
are a few studies that determined that higher concentrations of microorganisms (e.g.,
[102], [135], and [41]) or higher suspended silt concentration (e.g., [103]) in the am-
bient fluid correspond to lower filtration rates. These studies used indirect methods
to determine pumping rates, assuming that 100% of the particles that entered the
incurrent siphon were filtered out before leaving the excurrent siphon. The indirect
methods are non-intrusive, but they employ a questionable assumption. Several stud-
ies attempted to determine how the ambient current affects the filtering behavior of
bivalves with differing results. Some studies found that as ambient flow velocity in-
creased, filtering also increased ([175] and [41]). Others found that filtering decreased
with increasing ambient velocity [192] or that filtration first decreased and then in-
creased with increasing velocity [28]. Temperature increases have been found to both
decrease [175] and have no effect [41] on filtration rates. The discrepancy between the
results of these studies is explained by Jørgensen (1996) as differences in the exper-
imental conditions and that the behavior of the bivalves is based on environmental
conditions.
Clearance rates also depend on additional environmental factors, such as the
amount of turbulent mixing in the water column and the rates of fluid transfer at the
benthos. A concentration boundary layer, i.e. a layer of fluid depleted of particles, is
formed over beds of mussels when the water column is not fully mixed [2]. Frank et al.
(2008) used Particle Image Velocimetry (PIV) and geometry of the excurrent siphon
to compare the excurrent volumetric flow rate to the clearance rate of particles in the
fluid. They found mean jet velocities of 2.4± 0.14 cm/s and maximum jet velocities
of 4.8 cm/s, [58].
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2.3.3.3 Growth and Velocity
Growth of mussels varies with season, location in bed, tidal zone, and geographic
location [85]. All of these factors could be due to spatial or temporal characteristics
of the flow hydrodynamics. The flow physics could control growth responses through
changes in clam pumping ability, changes in pumping characteristics, the formation
of concentration boundary layers, or other predator affects. Predators have certain
hydrodynamic conditions in which they have heightened tracking success ([82] and
[54]) and clams are able to modify their behavior in response to predators [150]. If
clams are able to modify their behavior according to one environmental factor, the
presence of predators, it follows that other environmental factors may also trigger
behavioral changes. The infaunal worm, Sipunculus sp. changes from deposit feeding
to suspension feeding with increased current velocity [157]. Therefore, clams could
also modify their behavior in response to hydrodynamic conditions to modify their
apparency to predators and increase fitness. Costs could be associated with different
behaviors, some being more costly than others. Clams that behave one way may
be expending more energy than those in different environmental conditions that do
not trigger those behaviors. Therefore, it is important to know how hydrodynamics
change the behavior of bivalves and what costs are associated with them.
There have been several studies that look at the effect of flow rate or current on
the growth of bivalves, with mixed conclusions. Several studies found that bivalve
growth rates increased as current velocities increased ([175] and [66]). Other studies
found reduced growth rates with increasing ambient velocity ([3] and [191]). There is
also a study that suggests that there is no effect of current speed on bivalve growth
in the field [86]. The lack of consistency between these studies suggests that growth
responses could be species specific. In fact, Ackerman and Nishizaki (2004) found that
even though mussel growth rates decreased at higher ambient velocities, the degree
of reduction was species specific. Both of the studies that suggest that growth rates
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are positively correlated with ambient velocity (i.e., [175], [66]) and the field study
that found no correlation (i.e., [86]) addressed the clam Mercenaria mercenaria. This
suggests that Mercenaria mercenaria has a positive growth response to high currents,
at least in laboratory studies. Other factors, besides growth, that could be affected
by high cost behavior is the amount or quality of progeny produced by the bivalve.
Troost et al. (2009) looked at growth rates of several native bivalves and compared
that to those of an introduced oyster using a Particle Image Velocimetry (PIV) system.
They collected PIV flow fields of the incurrent flow and modelled the exhalent flow
to determine reasons for the disparate growth rates in different bivalve species [163].
2.3.4 Model Bivalves
Indirect methods overestimate the clearance rates by benthic organisms by assuming
complete filtration of the incurrent flow and that the system is fully mixed over the
water column [2]. Several flume experiments have been completed using clam mimics
to determine actual clearance rates. The first used one clam mimic to determine
the refiltration rates according to orientation of the siphon pair to the prevailing
current direction [116]. They found that refiltration rates were larger when the ex-
current siphon was upstream of the incurrent siphon [116]. The second study looked
at the effect of a bed of model bivalves on the creation of a concentration boundary
layer. They found that clams in dense beds could reduce refiltration by increasing
siphon height and decreasing excurrent velocity with increasing ambient flow rate
[131]. Refiltration is indicative of low mixing in the water column, which increases
the likelihood of forming a concentration boundary layer. Increased mixing of the
clam effluent with the surrounding fluid leads to less refiltration. With a decrease in
refiltration by increasing siphon height and decreasing excurrent velocity with increas-
ing ambient velocity, the chemical plume characteristics are altered. The release of
32
the chemical source has an impact on the downstream concentrations available to po-
tential predators. The concentration boundary layer results in the laboratory flumes
with clam mimics were confirmed by similar results over zebra mussel beds in Lake
Erie [2]. Therefore, clearance rates are not necessarily equal to the pumping rates.
The factors that affect the refiltration are clam density, the ratio of excurrent and
ambient velocity, the height of the clam siphon, and the roughness Reynolds number,
Re∗ [133]. These factors are the source characteristics that modify the downstream
chemical plume. A concentration boundary layer forms when there is not sufficient
energy in the system to fully mix the water column. The momentum distribution
of the boundary layer is affected by the presence of siphon mimics and the jet-like
excurrent flow in laboratory tests [33] and field tests [84]. Therefore, the bivalves
change the momentum distribution and mixing in the boundary layer.
2.4 Odorant Plume Structure
Chemical odorant plumes occur where there is a release of chemicals to flow, such
as pheromone releases to attract mates, metabolite release from prey items, chemical
leakage from unexploded weapons, sewage release in outfalls, releases of cooling water
from power plants, etc. There have been many studies conducted to understand the
nature of biologically-relevant chemical plumes and this section concentrates on the
findings of those studies and how they contribute to the understanding of chemical
plumes as a whole. The earliest attempts to characterize biologically-relevant chem-
ical plumes studied odorant release to the air in arrangements modelled after the
pheromones released by female moths to attract potential mates [124]. Murlis and
Jones (1981) found that the odorant plume is not smoothly distributed and is made up
of many odorant filaments rather than a constant concentration. Male moths locating
females in such a plume are presented with many spikes or bursts of concentration
and their sensory system must be tuned to this type of stimulus. Moth behaviors
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highlighted above have been connected to the chemical plume characteristics [123].
Statistical predictions of plume concentrations may be useful in defining the nature
of the chemical plume [123].
Later studies moved to aquatic environments with a focus on olfactory predation
rather than pheromone tracking. The fundamental difference between moth tracking
and the aquatic systems is that in moth studies the chemical source is promoting the
tracking males. In the predator-prey systems the chemical source would have larger
fitness values with deterrence of successful tracking. This may lead to different track-
ing strategies of the predators and different release strategies by the prey. Odorant
plumes in the marine environment have odorant bursts with higher concentrations
and greater onset slopes near the centerline and source of the odorant plume [118].
However, they also found that high concentration peaks and high onset slopes could
be found very far from the source. This agrees with the results of Murlis and Jones
(1981) for pheromone plumes in air.
The next steps in understanding the nature of chemical plumes was to quantify
the plumes under different hydrodynamic conditions. Chemical plumes were sampled
under two ambient velocities, at several different heights above the substrate and
the results indicate that more discrete odorant pulses at all heights were present for
higher velocities [121]. A field study confirmed the intermittency of the concentration
and also found that the height of the concentration bursts decreases with distance
from the source [202]. The time-averaged concentration gradients are stable and
give an indication of the source location. However, the time scales necessary for time-
averaging are much longer than the predators are using to make tracking decisions [57].
The tracking organisms of this system are not using the time-averaged concentrations
for navigation in the chemical plumes. There must be other types of source directional
information that the chemical plumes provide to the predators. Webster et al. (2001)
determined that if the sensors of the predator are spatially separated by a distance
34
Table 2.2: Tracking mechanisms and example organisms from Vickers (2000).
Mechanism Description Organisms
chemotaxis chemically modulated orientation bacteria
rheotaxis up-current mechanical orientation crustaceans
anemotaxis up-wind mechanical orientation moths
of at least an integral length scale, the instantaneous concentration gives indication
of the relative location of the plume centerline. Predators using this type of sensor
comparison would use instantaneous concentration samples to locate prey, rather than
a time-averaged concentration.
Fluid velocity is not the only factor that modifies the concentrations of the plume.
Sediment characteristics and obstacles present in the flow contribute to turbulence.
A flume study of chemical plumes downstream from a marsh grass mimic found that
the mimics altered the odorant filament characteristics ([55] and [101]). Increasing
the size of the bed roughness elements decreases the variance of the fluctuations [142].
Source characteristics also affect the plume such as release location, release velocity,
and release diameter [177]. Since the release characteristics affect the plume, prey
items may be able to control their chemical releases to control the information in
the downstream plume. Clams may be able to reduce predation by changing their
behavior, such as the velocity of their excurrent flow, the height and diameter of their
siphons, and the flow conditions in which they choose to feed.
2.5 Tracking Organisms
Studies over the past few decades describe the importance of understanding the flow
physics that mediate animal navigation during olfactory tracking [178]. The mecha-
nisms involved in chemical plume tracking are chemotaxis, rheotaxis, and anemotaxis
[168], see Table 2.2.
Organisms of all size scales from bacteria to macroorganisms use these mechanisms
to extract information about their environment and move toward high resource areas,
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[117]. A basic understanding of chemo- and rheo-tactic behavior through study of
the tracking organisms and robotic mimics, give researchers a better understanding
of animal perception and behavior [9]. There are many similarities between the
tracking behaviors of organisms that are characteristic of olfactory tracking in general.
However, the differences may highlight strategies particular to the hydrodynamic
conditions that each species encounters.
2.5.1 Examples of Tracking Organisms
The dependence of olfactory navigation on flow physics is demonstrated by compar-
ing the predation strategies and sensory mechanisms of several animal species [182].
Organisms track in air and water and span a large range of size scales, and they conse-
quently use many receptor types and behaviors to manipulate ecological interactions
[200].
2.5.1.1 Moths
The most documented ecological tracking system is the male moth tracking the
pheromone plumes released from female moths. Females release their pheromones
to the atmosphere and the chemicals advect down wind. When odorant filaments are
encountered by male moth chemosensors, one of several tracking behaviors is initi-
ated [169]. There are many research studies that breakdown the particular behaviors
associated with moth tracking and the mechanisms that trigger them. For example,
Baker and Kuenen (1982) used wind tunnels to determine that when air flow stops,
male moths zigzagged along the stationary plume and that when the chemical source
was removed they flew in wider paths [11]. They concluded that wider paths were an
attempt to reconnect with the lost odorant plume. Another study determined that
moths have an ideal frequency of chemical encounter; in fact, with higher levels of
turbulence, moths took straighter and more direct paths to the odorant source [105].
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Moth tracking behaviors have been correlated with firing rates of male antennal neu-
rons [10]. The examples above are only a few of the many studies quantifying the
behavior of moths and the cues embedded in pheromone chemical plumes. Moths
are able to extract the necessary information with brief exposure to the pheromones.
Therefore, accurate quantification of the chemical plume is the key to understanding
moth tracking dynamics [169].
2.5.1.2 Crayfish
Crayfish rely on their sense of olfaction for orientation in their environment with a
heavy dependence on chemo- and mechanosensors located on multiple appendages
[63]. Crayfish were found to have better success in locating a food source with de-
creased search time in artificial streams with increased turbulence intensity [119].
Several studies of crayfish olfaction have concentrated on how the characteristics
of the chemical source, under differing turbulence regimes, altered tracking success.
Chemical source characteristics, such as location, height, and proximity, modified the
downstream chemical plume [91]. Keller et al. (2001) also found that the chemical
source arrangement modified crayfish search behavior with higher tracking efficiency
when sources were separated. Crayfish were also found to have decreased success
in locating the source of a pulsed plume compared to a continuously released plume
[96]. These two studies suggest that the characteristics of the chemical source greatly
influence tracking success and efficiency. Therefore, the information available to the
predator is dictated by a combination of the way the chemicals are released and the
characteristics of the ambient flow.
2.5.1.3 Stomatapods
Stomatapods are predatory crustaceans that sample odors by flicking their anten-
nules to locate food, mates, and shelter [110]. Several tracking studies have used an
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interdisciplinary approach to quantify the concentrations and velocities at the anten-
nae. Researchers used Laser Induced Fluorescence (LIF) in a study to quantify the
concentrations at the antennae of actively tracking stomatapods [110]. Their study
found that in laboratory cases of wave-affected flow stomatapods were presented with
sharper, longer, and more numerous odorant bursts than in unidirectional flow, which
results in more efficient tracking [110]. Wave motion and unidirectional flow, there-
fore, are associated with specific tracking behaviors. This suggests that the informa-
tion embedded in the odorant plumes, which dictate the behavior, is also specific to
those flows. These researchers also completed a study using Particle Image Velocime-
try, PIV, to quantify the flow surrounding the antennules during the forward and
backward flicking motion [109]. They found that the velocity passing the antennules
was much faster during the outward flick than the return stroke resulting in direc-
tionally specific boundary layer and concentration profiles. They hypothesized that
sampling occurs during the outward flicking motion. To better understand the veloc-
ities and concentrations sampled by stomatapods, model antennae were constructed
[108]. The researchers compared results from antennae models with field studies and
previous lab experiments. Due to the flicking, the volume of water sampled at the
ends of the antennae is larger than at the base, and sample volumes at both locations
are higher than stationary antennae would sample [108].
2.5.1.4 Lobsters
Lobsters are another example of an intensively studied organism that uses antennule
flicking. An early study established lobsters as tracking organisms by inducing dif-
ferent behavioral responses to turbulent chemical plumes in a flume as opposed to
a controlled stimulus pattern [120]. They recorded three orientation responses that
correlated with plume encounter, distance orientation, and local food search. Virtual
antennae sensors were designed and tested by Crimaldi et al. (2002) to model the
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interception of chemical signals by lobsters. Flicking of the antennas increases the
frequency of signal encounter and creates a two-dimensional sample of the scalar con-
centration distribution [32]. Antennae flicking increases the volume of water sampled,
the area of plume sampled, and the frequency of bursts sampled. Sensor flicking mod-
ifies potential odorant encounter, hence it is a mechanism that is similar to the use
of multiple sensors by crayfish and crabs and the zigzagging pattern of male moths.
Studies of neuron response of lobster antennae have been reviewed , and the authors
conclude that although lobster systems are less complex than mammal sensory sys-
tems the insights gained from using them as test organisms are applicable across a
wide range of species ([42] and [75]).
2.5.1.5 Snails and Whelks
Snails and whelks are slowly moving predators that could increase their sampling
volumes by sampling over larger temporal periods [138]. A field study proposed
that the composition of amino acids released from prey items were controlling the
predatory response by mud snails [201]. They determined that the flux of amino acids,
rather than the specific amino acids present, was responsible for the tracking behavior
of mud snails. Therefore, the release flux had more effect on tracking than other plume
characteristics, such as chemical composition or instantaneous concentration. This
implies that larger individual prey, larger aggregations of prey, or injured prey may
be more attractive to mud snails due to elevated release flux of attractive chemicals.
This idea is supported by the fact that slowly moving whelks have equal or higher
tracking success in more turbulent flow in both field studies and laboratory flume
studies ([138] and [54]).
2.5.2 Blue Crabs
This study is focused on the predator–prey interaction between the blue crab, Call-
inectes sapidus, and clam, Mercenaria mercenaria. Blue crabs are a fast moving,
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macroorganisms that use olfactory navigation to find clam (and other) prey. Track-
ing is a habitat specific behavior [117], and blue crabs have varying success according
to the characteristics of the habitat [82].
2.5.2.1 Success and Preference of Blue Crabs
The success and efficiency of blue crabs tracking to clam prey is dependent on both the
flow physics and the presence of chemical cues [187]. Laboratory studies determined
that blue crabs had low success and low efficiency during tracking events under fully
rough bed-turbulent flow regimes compared to smooth bed-turbulent flow regimes
([186], [187], and [82]). These studies determined that blue crabs tended to move
slower, have higher degrees of turning, and less contact with both the plume and the
source under more intense turbulent flow conditions. The researchers suggest that
under hydrodynamic conditions that are not conducive to predatory tracking success,
prey items may be in a hydrodynamic refuge. However, a hydrodynamic refuge from
one predator may not be a refuge from another predator species. Recall that several
of the predators presented above; crayfish, snails, and whelks; had equal or greater
search success in more intense turbulent flows.
A field study, although rudimentary, confirmed that clams had higher rates of mor-
tality due to predation by blue crabs under what they termed as “reduced flow rates”
compared to “enhanced flow rates” [138]. Their results suggest that the laboratory
data of Weissburg and Zimmer-Faust (1993, 1994) are relevant to ecology in the field.
However, another field study that quantified crab tracking success found that crabs
had very little success under zero to low flow conditions, but success remained high
under all other flow speeds [56], despite the fact that they used flow categories that
matched those of Weissburg and Zimmer-Faust (1993, 1994). They found that crab
success does not diminish and that the crabs walked in straighter paths toward the
source with increasing flow velocity. These results directly contradict the laboratory
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results of Weissburg and Zimmer-Faust (1993, 1994).
The laboratory studies of Weissburg and Zimmer-Faust (1993, 1994) and the field
results of Powers and Kittinger (2002) used pumping live clams as their tracking stim-
ulant. The odorant sources used by Finelli et al. (2000) were cracked clams, cracked
clam amino acid mimics, cracked oysters, and cracked oyster amino acid mimics; they
did not find a significant difference in tracking success among these odorant treat-
ments. One explanation for the discrepancy may be that tracking success is highly
dependent upon the specific source chemicals. Cracked clams and intact clams re-
lease different chemicals to the surrounding fluid [201], and cracked clams scent may
be more attractive to blue crabs. A second explanation is that source flux controls
predation rates. Source characteristics such as pulsing have been determined to af-
fect predatory success of blue crabs [92]. Source chemical flux is much higher for
injured prey items, which could give fundamentally different chemical plume charac-
teristics and increase the information in the plume. However, blue crabs prefer clams
of a small size range, despite the fact that they can consume prey over a wide range
[114]. This suggests that crabs prefer to find small clams that release small amounts
of chemicals compared to large clams that have higher flux rates. If blue crabs are
looking for small, easily eaten prey, then larger chemical flux would not be a stimulus
for tracking that would be advantageous for blue crabs to track. A third explanation
is that laboratory results fail to explain field phenomenon [138]. A final explanation
is that there is a trade-off between the hydrodynamic effects and the source charac-
teristics effects. With a large chemical release, blue crabs may not have diminished
success in high turbulence environments. Alternatively despite low turbulence, low
chemical release rate may also hinder predation success. This suggestion is supported
by the results of Jackson et al. (2007) in which crab tracking was less affected when




Crustaceans, such as blue crabs and crayfish, have multiple sensors located on their
appendages. The advantages of multiple sensors are an increase in the range, area,
and volume of sampled water; an additive effect of the neuronal responses across the
sensors; an ability to maintain foraging in the face of sensor damage or loss; and
the tailoring of sensors to specific chemicals or flow conditions [43]. The location
of sensors that have specific roles in the tracking process may be tailored to the
information available in those positions.
Blue crabs have sensors on both their legs (thoracic) and antennules (cephalic)
that are responsible for sampling different aspects of the chemical plume. Leg sensors
are suggested to be responsible for transverse steering and near source localization,
while antennules sensors control upstream movement within the narrowing plume
[90]. Blue crabs use their antennules sensors to move upstream within the plume.
Once close to the source, they use their leg sensors that are close to the sediment to
do a localized search for the prey item. The multiple sensors allow chemical sampling
in a large range of locations and separation distances. In fact, laboratory studies of
chemical plume characteristics suggest that there may be an ideal separation distance
between sensors [176]. If crabs separate their sensing appendages at a distance larger
than an integral length scale, as suggested by Webster et al. (2001), they would be
able to compare the samples from each appendage and determine where the plume
axis is located in relation to their body location [176]. This comparison allows tracking
crabs to maintain their position within the plume.
Blue crabs are known to modify their body angle to increase the separation dis-
tance between sensors despite a corresponding increase in the drag force [185]. This
suggests that blue crabs are turning their bodies to maximize their comparative abil-
ities between sensors. It also suggests that the drag forces, although not minimized,
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are not powerful enough to hinder upstream motion. When flow rates are high, how-
ever, drag and lift forces on the crab body may be powerful enough to hinder crab
tracking ability. This may help to explain the laboratory results of [186] and [187]
that crab success decreases in higher turbulence intensity regimes. Crab tracking
may be hindered by drag and lift forces in high flow rates rather than the chemical
concentration signal in the plume. A recent study was able to decouple turbulence
from flume velocity and found that crab tracking was still less successful in higher
turbulence regimes with similar flow velocities to low turbulence regimes [82]. This
suggests that the presence of high drag and lift forces is not the dominant reason for
lowered crab success in high turbulence intensity flow.
2.5.3 Predator Mimics
The research described above suggests that each tracking organism has sensors and
behaviors tailored to the specific source and hydrodynamic characteristics that they
encounter. In the design of chemical tracking machines it would be limiting to model
the behavior of only one species of animal [63]. Tracking machines should be able to
locate chemical sources in a wide range of flow conditions and spatial and temporal
scales. There may be advantages to combining the tracking behavior of multiple or-
ganisms. It may also be important to incorporate the specific physical characteristics
of the tracking organisms, such as flicking appendages or spatially-separated multi-
ple sensors [43]. The following sections describe simulations of robot algorithms and
trials of actual robots that mimic animal tracking behavior.
2.5.3.1 Simulations and Algorithms
There have been several biologically-inspired algorithms proposed for tracking to a
chemical source through a moving fluid. Many early algorithms were based on moth
tracking of pheromone plumes due to the abundance of research on moths. One
study compared simple algorithms of increasing complexity to the success rates in
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moth tracking events under the same source and flow conditions [12]. This study
found that the simulations were, at best, less than half as successful as moths at
finding the source. However, even the simplest algorithms appeared to mimic actual
moth tracking and were successful at least some of the time [12]. Another example
of a study based on simple algorithms is composed of simulations tracking in a sim-
ple chemical gradient [45]. The algorithms of this study were inspired by tracking
microorganisms, such as amoeboid cells, and macroorganisms, such as echinoderms.
These organisms have very simple behaviors that allow them to move up the chemical
gradient. Dusenbery (2001) found that the model of tropotaxis gave the best results
in moving toward the source. However, this simulation modelled a smooth gradient
of concentration, rather than a turbulent flow regime. As a result, this study has
limited applicability for biomimectic robots. Crab and crayfish tracking behavior can
be taken into account by adding multiple chemosensors and mechanosensors to the
algorithms. Simulations that use both chemosensors and mechanosensors have found
that tracking performance is significantly dependent upon the weightings of the dif-
ferent types of sensors [183]. Therefore, both chemical and mechanical information
is important for tracking and should be incorporated into the simulation algorithms.
Having only one type of sensory mechanism limits the tracking ability of either an
organism or robot due to the unpredictability of the fluid motion [62]. Under the
best of circumstances, not all of the sensory modalities will provide information con-
sistently, and therefore it is advantageous to have multiple sensory strategies built
into the tracking simulations.
2.5.3.2 Robots
Robot tracking trials have not performed as well as simulations suggest and, there-
fore, are much less successful than animal tracking [62]. This is attributed to the
unpredictability of the natural environment and our current inability to completely
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understand the nature of the information contained in chemical plumes. Two simple
algorithms were tested by a biomimetic robot lobster that used only the difference in
concentration between two sensors [64]. These algorithms did not have flow sensors
and the trials revealed that the tracking events of the robot did not resemble lobster
tracking and had little success locating the chemical source [64]. The trials confirm
that mechanosensors are an integral part of the tracking process.
Olfactory navigation is highly dependent on both the chemical and hydrodynamic
information embedded in the chemical plume. More sophisticated robot tests include
the use of mechanosensors to determine fluid velocity [50] and [51] and sensors for
vehicle position, depth, altitude, attitude, and speed [100]. In fact, these studies
found that a binary chemosensor was sufficient rather than a more sophisticated
and sensitive sensor. The first of these three studies used underwater autonomous
vehicles (AUVs) to map possible source locations using real-time data gathered by
the vehicle [50]. Given possible vehicle failure, or loss of plume signal, the AUV can
determine the statistical likelihood of the source location using the already gathered
plume information. This system, although based on tracking animals, is much more
sophisticated than earlier biomimectic robots. The researchers found that robots with
many types of sensors and the ability to store statistical information are much more
successful at source location than their less sophisticated predecessors [51] and [100].
This confirms that the interaction between animal tracking and plume characteristics
is a complicated process.
2.6 Contributions of Current Research
It is hypothesized that clam fitness increases when clam metabolites are mixed to the
degree that deters predation by blue crabs, and that the predator–prey interaction
dictates clam behavior. Therefore, bivalves may be promoting the mixing of their
metabolites in the chemical plume by altering the chemical source characteristics
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and/or the boundary layer characteristics. The momentum distribution of a boundary
layer flow may be controlled, at least in part, by actively pumping bivalves or even
the presence of non-pumping bivalves. The effects may be specific to the type of
sediment and the proximity of other bivalves (oyster reefs) or vegetation. It is further
expected that the clam effects have relatively more influence during times of low
ambient turbulence.
Hence, this study quantifies the effect of the presence and behavior of clams on the
boundary layer flow over natural sediments in the field. To decouple the behavioral
and physical aspects of clam influence, this study determines the effect of environ-
mental conditions on the pumping behavior. Hence, this study quantifies the clam




3.1 Field Boundary Layer Measurements
3.1.1 Animal Collection and Storage
Hard clams (Mercenaria mercenaria) were collected in Wassaw Sound near Savannah,
Georgia, USA (Figure 3.1). Collection occurred during low tide in the intertidal region
of Cabbage Island where Ferner et al. (2009) has characterized the soil here with
85% sand, 3% silt, and 10% clay. Clams were collected in close proximity to beds of
Spartina sp. and within 7.5 - 10 cm of the sediment surface, see Figure 3.1. Collected
specimens were transported to a flow-through-tank facility at Georgia Tech’s Priest
Landing Marine Facility within 4 hours of collection. Clams were housed in a tank
filled with sea water pumped directly from Wassaw Sound and fed on microorganisms
in the sea water. Within 3 to 4 days of collection, clams were returned to Wassaw
Sound and replaced with newly collected specimens.
At least one hour prior to velocity data collection, clams were placed in the sedi-
ments directly below and upstream of the instrument measurement volume (see Figure
3.2). Specimens were placed halfway buried in the sediments with the siphon end up-
ward and were allowed to completely bury themselves. Each treatment had between
16 and 20 clams buried with equal spacing in an area of 0.38 m2 below one of the two
measurement devices used in each data collection event (see Figure 3.2).
3.1.2 Measurement Locations
Five field sites were employed for collection of vertical measurement sequences with
and without the presence of Mercenaria mercenaria. The field sites were represen-
tative of the types of habitats in which clams can be found in Wassaw Sound and
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Figure 3.2: Schematic of ADV deployment. The measurement locations for the two
probes were separated by 1.0 m, and 16 to 20 clams were buried below and upstream
of one of the probes.
adjacent tidal rivers. The treatment sites are located in Wassaw Sound at the en-
trance of the Wilmington River (four sites shown in Figure 3.3 and Figure 3.4) or at
the border of the Skidaway River Narrows and Moon River (Figure 3.5). See Figure
3.1 for the relative location of the Priest Landing and Butterbean Beach sites. For
all sites, the flow is primarily in one dominant direction (along the channel).
The sediment in Wassaw Sound consists of a mud and sand mixture that is referred
to here as “mud” (Figures 3.6 and 3.7) and is characterized by Ferner et al. (2009)
at their House Creek site to contain 50 % sand, 18% silt, and 31.1 % clay. At average
low tides, the mud flats in this area are exposed and two measurement devices were
deployed, in close proximity using the horizontal homogeneity assumption, [164], for
each data collection. One ADV of the pair had clams buried within the underlying
sediments. Data collection began after the probe tips were submerged by the incoming
tide.
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Figure 3.3: Plan view diagram of treatment sites at Priest Landing. The crosses
represent the locations where ADVs were placed for data collection. This diagram
does not include the sand treatment site.
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Figure 3.4: Photograph of the boat launch and pier at Priest Landing.
Figure 3.5: Photograph of the sand treatment site at Butterbean Beach in the
Skidaway River Narrows. The Diamond Causeway appears in the upper-left portion
of the photograph.
Figure 3.6: Photograph of a human leg sinking in the sediment at Priest Landing.
The sediment is a mixture of sand and mud and is referred to as mud in this thesis.
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Figure 3.7: Photograph of the mud treatment site at Priest Landing during a higher
than average low tide (the treatment site is covered by seawater). The sediment at
this site is mud without shell hash. Oysters and sea grass are not present at this site.
Clams also are found in sediments that contain more sand than mud. This treat-
ment is referred to as “sand” and is one of the dominant substrate types on Cabbage
Island, Figure 3.1, where clam specimens were collected. The sand site was adjacent
to the Diamond Causeway Drawbridge off of the Isle of Hope in the Skidaway Nar-
rows on the County Park Beach (also known as Butterbean Beach) that is inland
from Wassaw Sound (Figures 3.1 and 3.5).
The two additional sites incorporated naturally occurring obstacles in the flow
in Wassaw Sound. Clams are often found in the sediment surrounding oyster beds
(Figure 3.8). The oyster bed used for data collection was approximately 3 m in
diameter (Figures 3.3 and 3.9). The sediment adjacent to the oyster beds in this area
was composed of mud.
Clams also can be found in Wassaw Sound adjacent to Spartina sp. (sea grass)
beds (Figure 3.10). Two sea grass treatment sites were selected for this study, shown
in Figure 3.3. The measurement devices were deployed directly downstream of the
sea grass beds and the sediment was characterized as mud (Figures 3.11 and 3.12),
see Table 3.1.
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Figure 3.8: Photograph of oysters growing on a cinder block at Priest Landing.
Figure 3.9: Photograph of the oyster bed treatment site at Priest Landing.
Figure 3.10: Photograph of sea grass, Spartina sp., at Priest Landing.
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Figure 3.11: Photograph of the sea grass #1 treatment site at Priest Landing at
low tide.




The measurement equipment consisted of two Acoustic Doppler Velocimeters (ADV’s)
and two field mount traversing mechanisms. The ADV’s used in this study are Son-
Tek/YSI Acoustic Doppler Velocimeter Autonomous (Hydra) systems. One probe
was a 16-MHz ADV, and the other was a 10-MHz ADV. These probes previously
were used in Ferner et al. (2009) to compare measurements that were separated by
a distance of 5 m. The 16-MHz probe had a sampling volume of 0.09 cm3 with a
sampling distance of 5 cm from the acoustic transmitter, a resolution of 0.01 cms−1,
and an accuracy of 1% of measured velocity, which corresponds to ±0.25 cms−1 for
the three-component velocity data. The 10-MHz probe had a sampling volume of 0.25
cm3 and a sampling distance of 10 cm from the acoustic transmitter, with all other
factors being the same as the 16-MHz probe. The velocity and time were recorded
according to the sampling rate specified by the user, yielding a velocity time record
for the measurement volume. For the ADV’s used in this study, the measurement
volume could not be any closer to the sediment than z = 1.013 cm according to the
criteria reported by Precht et al. (2006). Field mount traversing devices were used
to control the height of the ADV’s (Figure 3.2) with a screw crank that adjusted the
height of the measurement volume by 2 mm for each revolution of the crank. The
distance from the probe to the measurement volume was verified in a laboratory flume
before field deployment. The ADV probe was manually placed in the initial position
at low tide using standard measurement equipment to within a half a millimeter. The
traverse was manually operated from an inflatable boat located downstream of the
ADV’s.
3.1.4 Data Collection
Data were collected between July 31, 2008 and September 2, 2008. Table 3.1 sum-
marizes the data collected. Two measurement devices collected velocity time records
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nearly simultaneously and the centers of the measurement volumes were separated
by a traverse distance of 1.0 m, which is within the assumed range of validity of the
horizontal homogeneity assumption (for description of this assumption see Section
2.1). One measurement device had clams buried in the sediment below and directly
upstream of the measurement volume. The other measurement device collected veloc-
ity measurement sequences without the presence of clams in the sediment. The ADV
probes were deployed at the measurement site at low tide and clams were placed in
the sediment and allowed to bury.
The ADV probes measured all three components of velocity. The ADV probes
were aligned such that the x-axis (u velocity component) aligned with in the principal
direction of flow, downstream along the channel. The transverse direction (y-axis and
v velocity component) had a positive direction toward the left bank of the tidal river as
you faced inland. The z-axis (w velocity component) was aligned as positive upward
from the measurement volume center. The water depth was at least 10 cm when data
collection began, and often, due to surface wave action, the beginning water depth
was larger. When the data collection began the depth was at least 10 cm and the
measurement volume was approximately 1 to 1.5 m from the shoreline. At the end
of the data collection, the water depth was approximately 2 to 2.5 m deep and 15 to
30 m from the shoreline.
The ADV probes collected velocity data at the height of the measurement volume
for periods of 300 s with a sampling frequency of 10, 16, or 25 Hz depending on the
collection event (specified in Table 3.1). Ferner et al. (2009) used a burst time of 120
s with collection frequencies of 10 and 16 Hz for similar sites in Wassaw Sound and
repeated the measurements over 8 weeks with 6 measurement collections. They deter-
mined that this was a representative collection time over the tidal cycle for the time
records to have stationary statistics. Smee et al. (2008) used 240 s burst collection
periods for another similar field site within Wassaw Sound. Stationary statistics for
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time records are determined by first collecting a time record of much greater length,
determining the statistical measures for the time record, and decreasing the collection
time while the statistical values remain unchanged. After the 300 s collection period
of this study, there was a 60 s adjustment period in which the handle of the traversing
mount was turned by the operator and the measurement volume was moved verti-
cally to a new measurement location. Since there were two ADV’s deployed during
each data collection, time record bursts from individual ADV’s were paired with their
sister bursts from the same data collection event and were matched for time collected
and height of the measurement volume. The collection periods for the two probes
were offset by either 150 s or 60 s depending on the deployment (specified in Table
3.1). Data were collected at the following measurement volume heights z = 1.3, 1.7,
2.2, 2.8, 3.5, 4.3, 5.2, 6.2, 7.3, 10, and 14 cm or z = 1.3, 1.7, 2.2, 2.8, 3.5, 4.3, 5.3, 7.0,
and 10 cm with z = 0 at the sediment surface. Complete vertical sequences took up
to 66 minutes to collect and were consistently collected during flood tide. Over that
time period the tidal change was quite significant, which indicates that the vertical
measurement sequences do not correspond to a snapshot of a boundary layer profile.
Rather the vertical measurement sequence corresponds to the characteristics of the
velocity over the full 66 minute period.
3.1.5 Data Analysis
A time record processing procedure was used to remove low correlation value bursts,
sample spikes in the record, and energy due to wave motion [14]. Individual bursts
were discarded if the correlation coefficient reported by the software had an average
value below 70 for the entire burst. The threshold value of 70 was specified by
the probe manufacturer. A spike filtering process was used to remove and replace
bad data points through the phase-space threshold method described by Goring and


























































































































































































































































































































































































































































































cluster together and that points that lie outside of this cluster are spikes that should
be removed. The replaced values are used only for the wave energy removal process
described below and are not included in the turbulent flow statistics calculations.
Next, the principle direction of flow was calculated at the highest point in the
measurement sequence (consistent with the procedure of Nikora et al. 2002), and
data at each measurement location in the sequence were rotated to align with this
direction. Rotation of the velocity time records maximizes the u velocity and aligns
the two measurement devices [130]. Further, the rotation, based on the highest point
in the measurement sequence, allowed for all points in the sequence to have the same
coordinate axis for direct comparison of turbulence characteristics at each height
above the substrate.
Finally, the time record processing procedure removed the wave energy from the
velocity time record using spectral decomposition [17]. Bricker and Monismith (2007)
assume that the wave energy and turbulence energy do not overlap in scale. The wave
energy can be removed from the power spectral density by assuming that the peak
in the power spectral density curve represents wave energy. By removing this peak,
they assume that the remaining energy can be attributed to turbulence. Without
removal, wave energy can mask the turbulent kinetic energy of a system and give false
values for turbulence quantities. This is a particular problem in relating turbulence
characteristics calculated in the field to those calculated in laboratory flumes without
wave energy inputs.
Turbulence characteristics for each height in the measurement sequence were cal-
culated for the processed velocity time records, specifically the average velocity ,
turbulent kinetic energy (TKE = 1
2
(u′u′ + v′v′ + w′w′)), and Reynolds stress (u′w′).
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3.2 Bivalve Excurrent Velocity Measurements
3.2.1 Animal Collection and Storage
Clams were collected at the Skidaway Institute of Oceanography near Savannah,
Georgia during summer months. Collection occurred during low tide in the inter-
tidal region of Cabbage Island in close proximity to beds of Spartina sp. and within
7.5-10 cm of the sediment surface. They were transported to the Georgia Institute
of Technology Environmental Fluid Mechanics Laboratory within 24 hours of col-
lection. During the winter months, clams that were imported from Florida were
purchased from the Dekalb Farmers Market in Decatur, Georgia. Clams were housed
in an aquarium filled with artificial sea water with salinity between 28 and 35 ppt.
Sand covered the bottom of the aquarium to allow clams to acclimate to labora-
tory conditions and bury themselves. The aquarium temperature was maintained
at room temperature (roughly 22 degree Centigrade) and the pH was approximately
8.0. Clams were fed every other day during data collection periods with commercially
available slurry of live phytoplankton (DT’s Live Marine Phytoplankton) purchased
from local aquarium/pet stores. After several weeks the clams were replaced by fresh
organisms.
3.2.2 Flow Facility
The flow facility was an artificial seawater flume located in the Environmental Fluid
Mechanics Laboratory at the Georgia Institute of Technology (Figure 3.13). This
biological-grade flume was 0.76 m wide and 13.5 m long with a level bed. The bed
was covered with a thin layer of sand with a median diameter of d50 = 1.1 mm.
The side walls of the flume were constructed of acrylic for optical transparency. A
centrifugal pump recirculated artificial seawater through the flume. The flow depth
was controlled by the height of a downstream sharp edged weir, and the flow rate was
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Le = L + kL (3.2)
He = H + kH (3.3)




and kH = 0.001 m, kL = 0 (for the weir width equal to the width of the channel), H
= height of fluid above weir, P = height of weir, L = width of the weir.
The test section was located 6.2 m downstream of the flume entrance. A 7.8 cm
by 45.7 cm by 118.7 cm false bottom section filled with sand was located in the center
of the test section, and the sand depth for the remainder of the flume is 2.9 cm. The
false bottom section allowed for clams to bury themselves within the sediment and
feed naturally.
The bulk flow rates employed for the experiments are U = 0.55, 1.2, 1.98, and 2.86,
cms−1, as measured by determining the depth of the fluid and calculating the veloc-
ity using the Kindsvater-Carter sharp weir equation, [95]. The roughness Reynolds
numbers were less than 10 for each case.
3.2.3 Particle Image Velocimetry
3.2.3.1 PIV Equipment
Particle Image Velocimetry, PIV, was used to quantify the clam excurrent velocity.
PIV is a non-intrusive means of determining planar velocity fields in moving fluids.
This method uses a laser sheet to illuminate seeding particles in a plane while a
camera captures images of the particles (Figure 3.13). Sequential PIV images are
used to determine the particle displacement and velocity in the illuminated plane.
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Figure 3.13: Schematic of the laboratory sea water flume and set up for the Particle
Image Velocimetry (PIV) system. Clams were buried in sand sediment in a false
bottom section that was 7.8 cm deep, whereas the sediment in the majority of the
flume bed was 2.9 cm deep. The Nd:YAG laser was located above the flume and was
pointed downward. The PIV camera was located beside the flume and viewed the
measurement section through the acrylic side wall.
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Previously, the PIV technique has been used to determine the flow fields around
organisms and their appendages (e.g., [109], [21], and [136]).
The laser was a double head Solo III manufactured by New Wave Research with a
wavelength of 532 nm, 50 mJ of energy per laser pulse, and an exiting beam diameter
of 4 mm. The beam passes through a system of lenses that form a planar laser sheet
(specifically, a symmetrical convex lens of 0.5 m focal length and a planar-concave
cylindrical lens with a 19 mm focal length). The laser was mounted above the flume
and the laser sheet passes through the fluid surface of the flume above the excurrent
siphons of the feeding bivalves (Figure 3.13). The water surface was smooth and
temporally constant, which led to minimal variation of light transmittance.
Particles of titanium dioxide (< 5 µm diameter) were suspended in the fluid,
move with the flow, and were illuminated in the laser sheet. Several types of seeding
particles were tested to determine which would be most useful in these experiments.
Clams are filter feeders and remove particles from the flow of certain size ranges and
organic content, [163]. We tested the following types of seeding particles: corn starch,
kaolin, titanium dioxide, and several types of glass balls. Titanium dioxide resulted
in a good balance between the number of particles passing through the clam and
suitable illumination by the laser sheet. Titanium dioxide was also used by Frank et
al. (2008) in their clam jet PIV experiments and do not appear to influence the clam
behaviorally.
Images of the illuminated particles were captured on a monochrome Kodak Megaplus
camera model ES 1.0 with a dual channel eight-bit digital output and a Charged Cou-
pled Device (CCD) sensor array. The camera used a Nikon MicroNikkor lens with a 60
mm focal length and outputted images of 1024 by 1024 pixels with image sizes specific
to each image capture series. Both the laser and camera were triggered by a precision
pulse generator (Berkeley Nucleonics model 500D). Image pairs were captured at a
frequency of 10 Hz and a delay of 10 ms between images of the pair was employed.
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The images were captured by a Coreco SE Series frame grabber board with a 10,000
kbytes host frame buffer and a 2 system memory frame buffer configured to work
with Windows 2000. An image required roughly 1 Mbyte of system space and the
images are stored on a hard drive array using Video Savant software (IO Industries).
A typical image sequence file used roughly 4.6 Gbytes of memory depending on the
number of images collected. Also an error propagation analysis was completed and
the uncertainty in the velocity measurements is 0.98 mms−1, which is roughly 2% of
the measured velocity values. Seeing that the fluctuations are on the same order as
the mean velocity values, the uncertainty in the velocity values is quite small.
3.2.3.2 PIV Analysis
The PIV algorithm determined the fluid velocity at discrete points in the images
and was written by Dasi (2004) based on several earlier PIV algorithms, [31], [189],
and [69]. Details of the algorithm are provided by Dasi (2004) and are summarized
here. First, a background image file was created for the even and odd images of the
pairs. The background image was subtracted from the individual images in order to
increase the contrast of the particles. The images were then spatially divided into 32
× 32 interrogation bins and a cross-correlation analysis was performed between the
first and second image in the pair. A Gaussian peak fit analysis was performed on
the cross-correlation data to determine the displacement vector between images. In
a second pass, the interrogation bins in the first and second image were shifted by
half of the displacement estimate backwards and forwards, respectively, to “center”
the interrogation bin region in the individual image. The correlation analysis was
repeated and a new estimate of the displacement vector was calculated. The centering
process was repeated until the interrogation bin position correction was less than 0.005
pixels. The displacement vectors were then divided by the delay period between laser
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pulses (10 ms) to yield the velocity vector. The velocity fields created by the cross-
correlation analysis contain a few bad vectors associated with the edges of the image
or noise. The bad vectors were removed via a temporal filtering procedure. The
filter assumes a Gaussian distribution for the magnitudes of the velocity vectors and
removes samples that do not correspond to within 3 to 4 times the standard deviation
for that interrogation bin.
3.2.4 Data Collection Procedure
Clams of the desired size range are placed on the sediment of the flume false bottom
with desired nearest neighbor distances and allowed to bury themselves under low
flow conditions. For an individual clam (see numbered clams in Table 3.2), data were
collected for 450 s for a randomly chosen bulk velocity value. The bulk velocity in
the flume was changed to another of the four targeted velocity values after the first
data collection is complete. This was repeated until the organism has experienced
all targeted bulk velocity values. During collection, events such as siphon movement,
organism interference, etc., were recorded so that those events can be removed from
the time record analysis.
3.2.4.1 Laboratory Flume Experiment with Size and Nearest Neighbor Distance
The experimental parameters and the individual clams that were used are displayed
in Table 3.2. PIV images were collected for a plane that bisects the clam excurrent
siphon for clams of two size ranges, 4.86 ± 0.22 and 7.32 ± 0.32 cm, clam plots with
two nearest neighbor distances, 3 and 9 cm , and four bulk velocity values, 0.55, 1.2,
1.98, 2.89 cms−1. This first set of experiments attempts to quantify clam pumping
behavioral responses that correspond to these factors. Clams may alter their pump-
ing behavior according to their proximity to other clams because of the potential for
refiltration of fluid or the additive predation potential with the downstream chem-
ical plume. Also, juvenile or small clams have higher predation pressure from blue
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Table 3.2: Summary of treatments employed for the first set of experiments designed
to examine the influence of nearest neighbor distance (NND), horizontal crossflow
velocity, and clam size.
NND = 3 cm NND = 9 cm
focal length Crossflow velocity (cms−1) Crossflow velocity (cms−1)
clam (cm) 0.55 1.2 1.98 2.86 0.55 1.2 1.98 2.86
1 4.68 × × × × × × × ×
2 5.16 × × × × × × × ×
3 4.92 × × × × × × × ×
4 4.6 × × × × × × × ×
5 4.92 × × × × × × × ×
6 7.3 × × × × × × × ×
7 7.54 × × × × × × × ×
8 6.91 × × × × × × × ×
9 8.57 × × × × × × × ×
crabs, which may influence their feeding behavior. Finally, since predator success
is dependent on hydrodynamic conditions, prey behavior also may be dependent on
hydrodynamic conditions.
After time records were recorded for the clams of this experiment, the nearest
neighbor distances are altered and the clams were allowed to rebury themselves. The
velocity measurements were repeated for varying bulk velocity treatments.
3.2.4.2 Laboratory Flume Experiment with Predator Effects
The second set of lab experiments collected PIV images for clam excurrent siphon
velocities for clams with the size range of 4.63±0.15 cm, clam plots with a nearest
neighbor distance of 3 cm, four ambient velocity values, 0.55, 1.2, 1.98, and 2.89
cms−1, with predators (blue crabs) caged in the upstream flow or cages without
predators in the upstream flow. The predators were caged upstream of the clam plot
and had been recently fed a diet of frozen shrimp. It has been shown that predator
cues in the upstream flow alter feeding behavior by inducing clams to reduce feeding
or stop feeding altogether, [151], and that clams have diminished reaction to predators
with higher rates of ambient turbulence, [150]. Predator cues in the flow may induce
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Table 3.3: Summary of treatments employed for the second set of experiments
designed to examine the influence of upstream predator and horizontal crossflow ve-
locity.
length Crossflow velocity (cms−1)
clam (cm) predator 0.55 1.2 1.98 2.86
1 4.76 no × × × ×
2 4.76 no × × × ×
3 4.60 no × × × ×
4 4.45 yes × × × ×
5 4.45 yes × × × ×
6 4.76 yes × × × ×
behavioral responses in the feeding clams according to the hydrodynamic conditions.
Blue crabs have varying predation success in certain hydrodynamic conditions and
clams may alter their feeding behavior depending on the physical characteristics when
they detect the presence of predators. Therefore, PIV images were collected for clams
for the four horizontal velocity values with and without predators in the flow and the
experimental parameters are reported in Table 3.3.
3.2.4.3 Laboratory Flume Control PIV Data
Three types of control data sets were collected in the laboratory flume for comparison
with the above data sets, (Table 3.4). First, a control data set was collected above
the clam plot without clams present to understand the effects of bumps and pockets
in the sediments. Second, PIV images were captured above an empty clam shell to
simulated the effects of a non-pumping clam on the PIV images for all four of the
horizontal velocity values above. Third, two data sets were collected for a man-made
vertical jet (diameter of 0.95 cm) with two jet exit flow rates, 0.467 cm3s−1 and 0.0
cm3s−1 and bulk velocities equal to those above. The jet Reynolds number values for
the two flow rates are within the range of those collected for the clam jets.
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Table 3.4: Summary of control treatments employed.
Jet flow diameter Crossflow velocity (cms−1)
rate (cm3s−1) (cm) 0.55 1.2 1.98 2.86
No clam, no jet × × × ×
Clam shell only (6.99 cm) × × × ×
Clam mimic 0.467 0.95 × × × ×
Clam mimic 0 0.95 × × × ×
3.2.5 Velocity Time Record Extraction
The sequence of velocity vectors for one interrogation bin were extracted to create a
velocity time record for a point in the flow field. A point was chosen to correspond to
the excurrent jet region of the flow in order to extract a velocity time record for the
siphon vertical velocity. The point chosen varied according to the siphon location,
siphon height, ambient velocity, and sufficient numbers of seeding particles, hence
the extraction process required considerable manual observation of the images by the
researcher. Clams move their siphons while feeding by changing the height, width,
and direction; they even close their siphons and open them again on a frequent basis
[156]. Also, for larger ambient flow velocities, visually locating the siphon jet within
the flow field becomes increasingly difficult for the researcher. Therefore, the location
of the extraction point depended on the individual organism and time record. There
was little evidence that a systematic (i.e., programmable) method of determining
an extraction point in the flow would give consistent results for this highly variable
biological system.
Since clam pumping behavior was variable, part of the time record did not con-
tain excurrent velocity information and was removed from the time record analysis.
During resting periods, when the clam closed the excurrent siphon, the velocity time
record did not provide velocities associated with the excurrent. The measured vertical
velocity during the resting periods was due to the ambient flow. Further, recorded
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values were removed from the velocity time record when the researcher could not iden-
tify the location of the excurrent jet. This occurred more often during larger ambient
flow treatments. Other times, the presence of feces or pseudo-feces interferes with
the seeding particle recognition by the PIV code. With all of these situations and
behaviors removed from the time record, the remaining data were a reliable capture
of clam excurrent velocity behavior. The amount of data that must be removed is
highly dependent on the ability of the researcher to locate the clam jet in the images
and varies greatly with the crossflow velocity.
3.2.6 Time Record Analysis
3.2.6.1 Spectral Analysis
Spectral analysis was employed to evaluate whether the time records of excurrent
velocity possess periodicity. Fourier transform methods, or spectral analysis, are a
statistical approach used to quantify the periodic aspects of a time record and is
especially applicable to turbulence measurements. The Fourier transform equations
allow one function to have two representations, one in the time domain and one in the










where h(t) is a function in the time domain and H(f) is the same function in the
frequency domain with t measured in seconds and f measured in Hz or cycles per
second. The frequency domain can also be measured in angular frequency rather than
Hz with the following formulae.
ω ≡ 2πf (3.6)
69











Often the time domain function is sampled at discrete points and is not a continuous
function. With N consecutive sampled values separated by ∆ interval in seconds the
values of frequency will also be discrete rather than continuous.
fn ≡ n
N∆






The maximum and minimum values of n in Equation 3.8 correspond to the Nyquist
frequency values. Waves must be sampled twice during a cycle, which limits the
frequencies that can be captured during discrete sampling. The Nyquist frequency
is the limit frequency that the Fourier transform will resolve. If the time function
is bandwidth limited to frequencies smaller than the Nyquist frequency, then the
continuous function is completely described by the samples [140]. If the function is
not bandwidth limited within the Nyquist range, the power of the function outside
the range will be aliased, or falsely attributed, to frequencies within the Nyquist range

















The spectrum of the time record is defined as the Fourier transform of the autoco-
variance with the time lag as the independent variable. The first step is to define the






with T being the time interval. The fluctuation is defined as
u(t) = U(t)− 〈U(t)〉 (3.11)
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and the time average of u(t) is zero. The autocovariance is
R(s) ≡ 〈u(t)u(t + s)〉 (3.12)
where s is the time lag. The autocovariance is independent of t because the time











where E(ω) is the spectrum of the stationary time record.
The Fourier transform algorithm is computationally expensive and is cumbersome
to use. The Fast Fourier Transform (FFT) algorithm was developed to compute a
discrete Fourier transform with fewer computations than the original algorithm. The
FFT algorithm outlined in Press et al. (1986) was used in the current research.
Plotting the spectrum versus frequency reveals the relative amount of the time record
variance that can be explained by a periodicity at a particular frequency.
3.2.6.2 Fractal Analysis
Fractal analysis was employed to evaluate the random nature of the time record of
excurrent velocity. While studying the hydrology of the Nile River Basin, H. E. Hurst
noticed that when the river discharge was high, there was a tendency for the next
years’ river discharge to also be high. He concluded that long records of natural
phenomenon tend not to be random [77]. The values of rainfall, temperature, and
discharge, were more correlated with each other than independence predicts. Hurst
was able to suggest an equation that relates the range of values and a time lag to an









where R is a range, σ is the standard deviation from the range, and N is the number of
samples in the time record. The exponent, H, is specific to the natural phenomenon
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and time record in question. The first to use the H component and equation for
time record analysis was Mandelbrot (1968) when he proposed the concept of fractal
Brownian motion [106]. Equation 3.14 subsequently has been applied to time records
as diverse as three-phased fluidized beds, economics, and stock market predictions
[49].
Fractal analysis is a statistical tool that uses the concept of self-similarity at
multiple scales, and the fractal dimension relates a spatial scale to the self-similar
behavior [153]. The analysis is called Hurst’s rescaled range analysis, giving values of
the Hurst exponent, H. The H exponent is related to the fractal dimension through
the following formula:
dfl = 2−H (3.15)
with dfl defined as the fractal dimension. The Hurst’s rescaled range analysis yields
a fractal dimension of the time record between a one dimensional line and a two
dimensional plane. Random walk or Fractional Brownian motion has time record
values with “jumps” or “step sizes” with magnitudes corresponding to Gaussian white
noise and the Hurst’s rescaled range analysis is a measure of the randomness of the
differences in the values of the time record. Let B(t) be an equally spaced time
record (in this case, a clam jet velocity time record). The time record of step sizes
X(t) is defined by X(0) = 0 and X(t) = [B(t)−B(t−∆t)]. c(t, u) is the cumulative
departure of X(t + y) from the mean 〈X(t)〉s, for the subrecord where u = 1, 2, ..., s




[X(t + y)− 〈X(t)〉s] (3.16)
the sample range of X(t) for lag s is:












{X(t + u)− 〈X(t)〉s}2 (3.18)




In practice, H is calculated via Equation 3.19 and the fractal dimension of the time
series is then determined using Equation 3.15. The Hurst value is determined by the
slope of a least squares regression of a plot of R(t,s)
S(t,s)
versus the time lag, s. Mandelbrot
(1968) termed this type of plot a pox diagram, and an example is given in Figure
3.14.
Values of the fractal dimension between 1 ≤ dfl < 1.5 indicate that the time series
has long term persistence or correlation. A fractal dimension between 1.5 < dfl ≤ 2
has anti-persistent or anti-correlative properties. In the case of dfl = 1.5, the time
series has completely random step sizes as with random walk or fractional Brownian
motion [134]. As the value of the fractal dimension approaches 1.5 from above or
below, the time record becomes more random. There are other methods proposed
to determine the Hurst exponent, such as using a detrending moving average [8],
but the method described above fits the needs of this research. Estimates of the
fractal dimension are averaged over the ensemble of time records to yield an ensemble
averaged value of dfl for each treatment case.
Pox diagrams are also useful in confirming the results of the spectral analysis
(Figure 3.14). There are two phenomena that may occur in a pox diagram when
there is a dominant frequency in the time record [49]. At large time lag values,
corresponding to low frequencies, there will be a discontinuity in the slope of the
pox diagram when there is a dominant low frequency present in the time record.
When there is a dominant high frequency in the time record, the values on the pox
diagram will be more closely spaced at time lag values that are the reciprocal of those
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Figure 3.14: Example pox diagram. The H value for this case is 0.575 yielding a
dfl of 1.425.
frequencies. These characteristics may be used to reiterate the presence or lack of
periodicities in the velocity time records of the clam excurrent.
3.2.6.3 Lacunarity Analysis
Lacunarity analysis is employed to quantify the “look” of the distribution or quantify
the size and location of the “space” between values of the velocity. While the fractal
dimension is considered a measure of how much space is filled or the amount of “mass”
within a geometric space, lacunarity is a measure of how the space is filled with that
mass. Lacunarity is a means of quantifying the “texture” of distributions that appear
very different, yet have the same fractal dimension, [5]. Figure 3.15 shows an example
of two “carpets” with the same fractal dimension but the image on the left is more
“lacunar” since it has larger size gaps [107].
Lacunarity analysis has been extended beyond the description of the distribution
of fractals to spatial distributions of real data sets and multifractals, [137]. Histori-
cally, lacunarity analysis has been used to describe the heterogeneity of binary data
sets, which is a function of the fraction of sites that are occupied, the size of the box
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Figure 3.15: Sierpinski carpets from Mandelbrot (1977) have the same fractal di-
mension value and differing textures. The carpet on the left is more “lacunar” since
it has larger size gaps
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space of interest, and the geometry of the data set [137]. Plotnick et al. (1996) ex-
tended the binary analysis of the gliding box method proposed by Allain and Cloitre
(1991) by applying it to quantitative data by summing the distribution within the
box of interest.
Tolle et al. (2003) proposed a new method of calculating the lacunarity of a data
set due to the limitations of the gliding box method that more directly measures the
spatial gaps. However, an extension of the gliding box method is sufficient for the
type of data sets in this study [159]. The Allain and Cloitre (1991) method chooses a
unit box of size r and adds the values in the box, p (i.e. the integral of the velocities
in our case). Since the analysis was first used for binary data, where there are no
negative values, the velocity record must be shifted to contain only positive values.
In practice this is accomplished by subtracting the lowest velocity value from each
value in the discreet time record. The negative consequence of not shifting the record
is that the average mass (or first moment) may approach zero for some values of the
gliding box, which leads to an erroneously large lacunarity estimate. After shifting
the record, the gliding box is centered on each point in the data set and the values
within the box are summed, resulting in a distribution of box masses, B(p, r). The
distribution is converted into a probability distribution function by dividing by the
































Figure 3.16: Lacunarity as a function of box size (i.e., time segment) for Gaussian
white noise.
Tolle et al. (2008) reduced the lacunarity expressions further to reduce the computa-













Lacunarity is then calculated using Equation 3.23.
Lacunarity is plotted versus the log of the size of the box, r, see Figure 3.16
which is the lacunarity plot for a white noise time record. Pure fractals have a linear
lacunarity plot (example shown in Figure 5.12), and non-fractals have distinct breaks
in the lacunarity plot at spatial scales of significance (example shown in Figure 5.13),




FIELD EXPERIMENTS ON IMPACT OF CLAMS ON
CROSSFLOW
This chapter presents the velocity measurements collected in the field for the simul-
taneous clam versus no clam bed treatments. Results are presented for each of the
five sites: mud substrate, sand substrate, downstream of oyster bed, and downstream
of sea grass bed #1 and #2. These sites are representative of the conditions in Was-
saw Sound and the shallow tidal estuary. As described in the Methods Chapter, all
bursts and measurement sequences were processed for low correlation, spike removal,
and wave energy extraction. The resulting data consist of one or two measurement
sequences for each site, where the measurement sequence consists of simultaneously
collected time records of velocity at sequential elevations above the bed. The diagram
in Figure 3.3 depicts the location of the mud, sea grass, and oyster bed sites and the
sand site is indicated in Figure 3.1. With the incoming tide, the sea grass bed site #1
is the farthest upstream of all of the treatments at Priest Landing. The oyster bed
site is roughly 30 m downstream of the sea grass bed site #1. Farther downstream
and farther into the main body of water is the mud treatment site. Finally, the second
sea grass site is more shoreward and slightly downstream of the mud site. The sand
site is located much farther inland.
4.1 Results for the Mud Site
Mud is the predominant substrate in the region around Priest Landing, where most
of our measurements were taken. In fact, measurement sites presented in following
78
sections with upstream obstacles (i.e., oyster bed or sea grass bed) possess mud sub-
strate also. Therefore, other than the sand treatment site, the results for the mud
site can be considered benchmark results or results that do not include structures in
the flow.
The ADV’s captured two sequential sequences for the mud site during an incoming
tide. Without clams present the velocity measurement sequences should be typical
of those captured over mud substrates in similarly shallow, relatively small estuaries.
They should be comparable to laboratory velocity profiles over fine grained sediments;
although, the tide is coming in as the measurements are collected and the measure-
ment sequences do not represent a snap-shot of the boundary layer profile. Also,
since it has been shown that the largest velocities in small estuaries occur just before
and after low tide (Trevethan et al. 2008), the average velocities recorded later in
the collections should be smaller values than those recorded in the beginning of the
collection as is shown in Figure 4.1. While the data have been rotated to maximize
the velocity vectors in the dominant flow direction, the rotation for the entire mea-
surement sequence is based on that calculated for the collection point that is highest
in the water column. Therefore, the longitudinal velocity component may not be
maximized throughout the measurement sequence and it is important to take into
account the transverse velocity component.
Higher in the water column the velocity values with and without clams tend to
follow one another closely with a slight decrease in the mean velocity values when
clams are present (Figure 4.1). Close to the substrate the velocity measurement
sequences tend to be quite disparate when compared to the differences higher in the
water column, Figure 4.1, particularly for the longitudinal velocity values. Figure 4.2
is a plot that is designed to show disparities between the velocity values collected with
the ADV’s, and this type of plot is used throughout this chapter. The velocity values
collected simultaneously at the same elevation are plotted against one another and the
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colors represent the height of the measurement volume above the substrate. When
the ADV’s collect similar velocity values, the symbols fall directly on the solid black
line, and the distance of the symbol from the solid line indicates the difference in the
velocity values collected with and without clams buried in the sediment. A pairwise
comparison with a students T-test shows that the majority of the values collected for
the cases with and without clams buried in the sediment are significantly different,
most likely due to the large number of samples. The very few cases in which the
values are not significantly different, the symbol falls on the 1-to-1 line in the plot.
When plotted against each other, the average velocities for the mud case with and
without clams tend to deviate more from each other closer to the sediment, Figure
4.2. In Figure 4.2(a), the U velocity appears to be larger without clams near to the
bed. This implies that the behavior and presence of clams may decrease the ambient
velocity of the boundary layer close to the sediments and has less influence higher
in the water column. In fact, Figure 4.2(b) shows that both the V and W average
velocity components also appear to be smaller in magnitude when clams are present
closer to the sediment. The vertical velocity is in the downward direction and Figure
4.2(c) shows that clams are adding vertical momentum to the crossflow, particularly
near the sediment. Clams appear to reduce the magnitude of the downward vertical
velocity, possibly through the vertically upward excurrent feeding jets.
For comparison, histograms of the probability density functions for the mud case
with and without clams for u′ and w′ velocity values at a height of 2.2 cm above the
sediment have been included in Figures 4.3 and 4.4. These histograms appear to be
symmetric and approximately Gaussian in shape.
From Figures 4.1 and 4.2, the clams do not seem to impact the average velocity
values higher in the water column as much as near the sediment. This supports
the assumption of two-dimensional flow at the top of the measurement sequence
and justifies the decision to rotate the velocity values over the entire measurement
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Figure 4.1: For the mud site, vertical measurement sequences of the average hori-
zontal velocity components, (a) the first measurement sequence, S1 and (b) the second
measurement sequence, S2. Samples with and without clams buried in the sediment
were collected simultaneously at matching elevations. “S1” indicates measurement
sequence #1, and “S2” indicates measurement sequence #2.
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Figure 4.2: For the mud site, comparison of the average velocity components, (a) U ,
(b) V and W , and (c) W
U
, with and without clams buried in the sediment. Samples
were collected simultaneously at matching elevations. Data for two measurement
sequences are included, and color indicates distance above the bed.
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Figure 4.3: For the mud site, comparison of the probability density function of
the u’ velocity fluctuations at a height of 2.2 cm above the sediment. Samples were
collected simultaneously. Red, solid symbols represents the data collection without
clams buried in the sediment; Green, open symbols represents data collection with
clams buried in the sediment
sequence based on the rotation in the top position.
Turbulence quantities, such as Turbulent Kinetic Energy, TKE, and Reynolds
shear stresses can be considered within the horizontal homogeneity assumption and
can be directly compared between the measurement devices [164]. An error analysis
for the TKE and shear stress values give an error uncertainty of 1% of the calculated
TKE and shear stress values. The TKE plot of the first mud measurement sequence
is shown in Figure 4.5(a). Close to the sediment (z ≤ 4.3 cm) there is a peak value of
TKE with clams that is not present when clams are not buried in the sediment and the
clam case TKE values tend to be larger, for the first mud measurement series. Higher
in the water column for S1, the TKE values tend to follow one another closely (Figure
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Figure 4.4: For the mud site, comparison of the probability density function of
the w′ velocity fluctuations at a height of 2.2 cm above the sediment. Samples were
collected simultaneously. Red, solid symbols represents the data collection without
clams buried in the sediment; Green, open symbols represents data collection with
clams buried in the sediment
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4.5(a)). Figure 4.5(b) shows the TKE values for the second mud measurement series.
In this case, the clams slightly increase the TKE values close to the sediment. Also,
higher in the water column the TKE plots for both the ADV’s (with and without
clams in the sediment) follow one another closely. Clam influence on the TKE is
not necessarily universal and could be influenced by the ambient crossflow velocity or
time within the tidal cycle.
The most significant Reynolds shear stress for a boundary layer-like flow is the
u′w′ component. For both cases of the mud treatment site, the Reynolds shear stress
values are negative (Figure 4.6), which is the case with typical boundary layer flows.
The negative Reynolds stress values are confirmation of the shape of the horizontal
velocity measurements of Figure 4.1 for the U velocity values.
In the higher average velocity flow case (S1), the clams significantly reduce the
Reynolds shear stress magnitudes close to the sediment, Figure 4.6(a). The second
mud site measurement series, with smaller ambient velocities, has a larger magnitude
peak Reynolds stress value and this peak is located higher in the water column when
clams are buried within the sediments, Figure 4.6(b). With a lower average ambient
velocity, the Reynolds shear stress peak appears to be naturally at a lower point, z
= 2.2 cm, and the presence of the clams tends to increase the height of the peak to
z = 3.5 cm. Higher in the water column, clams do not seem to influence the TKE
values for the mud site for either crossflow velocity, Figure 4.6.
4.2 Results for the Sand Site
The sand treatment site was located at Butterbean Beach, located considerably inland
of the other sites in this study, see Figure 3.1. This sand beach is likely man-made or
man-maintained, but is fairly representative of sand sediments where the clams of this
study were first gathered, Cabbage Island (see Figure 3.1). This site is located at the
border/upstream channel connection of the Skidaway River and Moon River, both
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Figure 4.5: For the mud site, vertical measurement sequences of Turbulent Ki-
netic Energy (TKE) values, with and without clams buried in the sediment. (a)
measurement sequence #1, and (b) measurement sequence #2. Error bars represent
measurement uncertainty.
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Figure 4.6: For the mud site, vertical measurement sequences of Reynolds shear
stress (u′w′) values, with and without clams buried in the sediment. (a) measurement
sequence #1, (b) measurement sequence #2, and (c) comparison of values for the
simultaneous measurements with and without clams for both measurement sequences.
Error bars represent measurement uncertainty.
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of which empty into the Atlantic Ocean through Wassaw Sound and Green Island
Sound, respectively. Therefore, the sand site is located at a point where the tidal
flow could come from either direction and determining downstream and upstream
channel direction is difficult due to the variability and strength of the tides. The
average velocity values are depicted in Figures 4.7 and 4.8. The V and W velocity
values are very close to zero for this measurement sequence and both are smaller than
the values in the longitudinal direction. Near the substrate, for both measurement
devices, there is reverse flow (Figure 4.7) which could be explained by the tidal
influence of both the Skidaway and Moon Rivers. The measurement sequences with
and without clams appear to follow each other quite closely for all three coordinate
directions with the clam measurement series having slightly larger magnitude values.
Clams seem to minimally increase the magnitude of the U and V velocity over the
entire measurement sequence, no matter whether the dominant flow direction is in the
positive or negative x direction. Since there is reverse flow near the sediment, there
are negative values of the velocity components according to the coordinate axis based
on the dominant flow direction at the top of the measurement series. The clams seem
to increase the magnitude of the velocity values giving larger velocity values with
positive flow and smaller velocity values in the case of reverse flow. These results
do not take into account the interplay between the tidally driven rivers. Therefore,
these results should be considered a “special case” scenario and may not represent
the effects of the sand sediments, alone.
Close to the sediment, clams appear to increase the velocity magnitudes of V
and W in Figure 4.8(b). The presence of clams has less of an effect higher in the
water column for both the V and W components. Clams within sand sediments have
the opposite effect on the velocity vectors than that of the mud sediments, above.
Figure 4.2 shows that near the sediment clams decrease all three velocity components
in the mud site, whereas over the sand sediment, Figure 4.8, the presence of clams
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Figure 4.7: For the sand site, vertical measurement sequences of the average hori-
zontal velocity components, U and V . Samples with and without clams buried in the
sediment were collected simultaneously at matching elevations.
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increases velocity magnitudes. Also, Figure 4.8(c) shows that clams are increasing
the vertical momentum at nearly all the positions in the water column, particularly
near the sediment.
Figure 4.9(a) shows the non-dimensionalized TKE values for both the clam and
no clam cases for the sand site. Clams appear to reduce the TKE values and the
peak TKE values, particularly close to the sediment. This result is comparable to the
influence of jets on the TKE of the system in the jets-in-crossflow literature [7] and
for clam mimic cases, [33].
The Reynolds shear stress for the sand site is plotted in Figure 4.9(b) and indi-
cates that the u′w′ shear stresses are quite small for both cases, with and without
clams. Here, the shear stress values have both positive and negative values, which
is consistent with Reynolds shear stress values of reverse flow. With reverse flow
near the bed, in the sand case, the shear stress should be the opposite sign as that
of the mud case, with positive velocity values. With clams in the sand sediment,
the Reynolds shear stress values are generally increased in value and in some cases
changing from negative values to positive values. In this case, the measurement se-
quence over the sediments with clams appears more like those of jets in crossflow
cases with a modified boundary layer profile. The Reynolds shear stress values over
the mud substrate (Figure 4.6), on the other hand, were consistently negative (the
measurement sequence has a shape typical of that of a boundary layer over smooth
sediment). This confirms that the velocity measurement sequences over these two
sites are shaped considerably differently, as can be seen in the velocity measurement
sequences of Figures 4.1 and 4.7.
4.3 Results for the Downstream of Oyster Bed Site
The mud, oyster, and sea grass treatment sites are located within 30 m of each another
near the pier at Priest Landing, Figure 3.3. The substrate in this region is mud. The
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Figure 4.8: For the sand site, comparison of the average velocity components (a)
U , (b) V and W , and (c) W
U
, with and without clams in the sediment. Samples were
collected simultaneously at matching elevations. Color indicates distance above the
bed.
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Figure 4.9: For the sand site, (a) vertical measurement sequence of Turbulent Ki-
netic Energy (TKE), and (b) comparison of Reynolds shear stress (u′w′) values. Sam-
ples were collected simultaneously at matching elevations with and without clams
buried in the sediment. Color in (b) indicates distance above the bed. Error bars
represent measurement uncertainty. 92
measurement devices here are placed directly downstream of an oyster bed according
to the flow direction of the incoming tide (Figure 3.3).
Figure 4.10(a) compares the average velocity components without clams verses the
average velocity components with clams for the measurement volumes downstream
of an oyster bed. Unlike both the mud and sand sites, there does not seem to be a
pattern in the effect of clams on the velocity measurement sequence. In fact, clams
may even reduce the vertical momentum of the system in this treatment case (Figure
4.10(d)). Since the ambient horizontal crossflow velocity is similar in magnitude to
that of the second mud measurement sequence, the lack of influence of the clams
on the average velocity values can be attributed to the presence of oysters in the
upstream flow.
Figure 4.10(b) shows that clams do not appear to influence the TKE values either
close to the sediment or higher in the water column.
For the Reynolds shear stress values downstream of the oyster bed, the clams do
not have an influence near the sediment, Figure 4.10(c). However, with larger heights,
the case with clams has minimally larger values in the Reynolds shear stress, often
changing the sign from negative to positive. This indicates a change in the shape of
the boundary layer profile, similar to the results at the sand site.
4.4 Results for the Downstream of Sea Grass Bed Sites
Clams regularly bury themselves within and directly outside of sea grass beds. We
were able to collect three velocity measurement sequences at two sea grass bed sites.
With these measurement sequences we are able to compare two measurement se-
quences from within a site and measurement sequences from similar types of sites.
These sites are located at Priest Landing and have mud as the predominant sediment
type (Figure 3.4).
The velocity values shown in Figure 4.11(a) indicate that the ambient horizontal
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Figure 4.10: For the oyster bed site, (a) comparison of the average velocity compo-
nents, (b) vertical measurement sequence of Turbulent Kinetic Energy (TKE) values,
(c) comparison of Reynolds shear stress (u′w′) values, and (d) comparison of W
U
values.
Samples with and without clams buried in the sediment were collected simultaneously
at matching elevations. For (a), (c), and (d), color indicates distance above the bed.
Error bars represent measurement uncertainty.
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crossflow velocity value is smaller than those collected for the mud, sand, and oyster
bed sites. This reduced velocity is to be expected since sea grass beds (and vegetation
in general) have been shown to reduce the velocity of the flow, Lightbody and Nepf
(2006) and Bouma et al. (2007). From the measurement sequences, clams seem to
generally increase the horizontal velocity values. This may be a result of the reduced
velocity of the ambient flow through the sea grass beds and therefore a proportionally
larger influence of clams on the boundary layer momentum when compared to the
oyster bed measurements. For this seagrass bed case, clams do not appear to influence
the vertical momentum of the system (Figure 4.11(d)).
The TKE values of sea grass site #1 seem to follow one another quite closely for
both cases, with and without clams, Figure 4.11(b) or may be slightly decreased with
clams in the sediment.
Figure 4.11(c) shows that the Reynolds shear stress values for the cases without
clams are generally larger in value than those with clams downstream of this sea grass
bed. Therefore, the presence and behavior of clams reduces the value of the Reynolds
shear stress, often changing the sign from positive to negative. This type of influence
on the Reynolds shear stress has not been observed in the results above and could
be a result of the presence of the sea grass or the small horizontal crossflow velocity
in this case. The sign change in the Reynolds shear stress indicates that the clams
are changing the shape of the velocity measurement sequence to appear more like a
typical boundary layer profile. This change is opposite of what the jets-in-crossflow
literature suggests, [7].
The sea grass site #2 is downstream of sea grass site #1 according to the flow
direction of the incoming tide (Figure 3.3). The results are expected to be similar to
those of sea grass site #1, and yet, highlight the variance in the effects of biological
structures in the flow. The first measurement sequence collected has mean velocity
values similar to those of the sea grass site #1, and the second measurement sequence
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Figure 4.11: For sea grass site #1, (a) comparison of the average velocity compo-
nents, (b) vertical measurement sequence of Turbulent Kinetic Energy (TKE) values,
(c) comparison of Reynolds shear stress (u′w′) values, and (d) comparison of W
U
values.
Samples with and without clams buried in the sediment were collected simultaneously
at matching elevations. For (a),(c), and (d), color indicates distance above the bed.
Error bars represent measurement uncertainty.
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has larger mean velocity values that are comparable to those of the mud site mea-
surement sequence #2 and the oyster bed measurement sequence. From the average
velocity measurement sequences and the comparison of Figure 4.12(a), there does not
seem to be a pattern in the influence of clams on the velocity measurement sequence
in sea grass site #2 for either S1 or S2. Although, clams do appear to be adding
vertical momentum to the crossflow (Figure 4.13), particularly near the sediment.
Not shown on the average velocity plot is the mean ambient crossflow velocity at
the high point in the water column for the sea grass site #2 measurement sequences.
The differences in the clam influence between the two sequences for the second sea-
grass site should highlight the variability in the influence of different sea grass beds on
how the presence and behavior of clams alters the crossflow momentum distribution.
The sea grass site #2 second measurement sequence, S2, has a crossflow velocity
of approximately U = 1.8 cms−1, which can be grouped with the mid-range of the
collected velocities collected here (the oyster bed site and the second measurement
sequence of the mud site). This measurement sequence should highlight the influence
of the sea grass bed when compared to the oyster bed site and the mud site.
With similar ambient crossflow velocities, the results for sea grass site #1 and
the first measurement sequence of sea grass site #2 (U = 0.8 cms−1) indicate that
the influence of clams downstream of sea grass is not universal. For sea grass site
#1 there is a slight increase in the horizontal velocity values, there is no trend in the
TKE plots, and the clams reduce the value of the Reynolds shear stress (Figure 4.11).
The opposite trend is observed for the first measurement sequence of sea grass site
#2 (Figure 4.12(a,b,d)). For this sequence, there is no trend in the influence of clams
on the average velocities, clams increase the values of the TKE particularly near the
sediment, and clams increase the peak value of the Reynolds shear stress. Therefore,
the influence of clams downstream of sea grass beds is specific to the two sea grass
beds used in this study.
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Figure 4.12: For sea grass site #2, (a) comparison of the average velocity com-
ponents for two measurement sequences, (b) vertical measurement sequence #1 of
Turbulent Kinetic Energy (TKE) values, (c) vertical measurement sequence #2 of
Turbulent Kinetic Energy (TKE) values, and (d) comparison of Reynolds shear stress
(u′w′) values. Samples with and without clams buried in the sediment were collected
simultaneously at matching elevations. For (a) and (d), color indicates distance above
the bed. “S1” indicates measurement sequence #1, and “S2” indicates measurement
sequence #2. Error bars represent measurement uncertainty.
98
Figure 4.13: For sea grass site #2 comparison of W
U
values. Samples with and
without clams buried in the sediment were collected simultaneously at matching ele-
vations. Color indicates distance above the bed.
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The second measurement sequence for seaqrass site #2 can be compared to the
second mud site sequence (S2) and the oyster bed sequence since they have similar
ambient crossflow velocities. When there are obstacles upstream of the clam plots,
there does not seem to be a trend in the influence of clams on the average velocity
values, Figures 4.10(a) and 4.12(a). However, for the second mud site sequence (S2),
without obstacles in the flow, clams slow the ambient velocity values, Figures 4.1(b),
and 4.2.
For the second sequence of the sea grass site #2 clams are increasing the peak TKE
value (Figure 4.12(c)). In this case, the presence of sea grass may be homogenizing the
TKE values and the presence of clams increases the TKE peak value by the addition
of vertical momentum from the clam jets.
The influence of clams on the Reynolds shear stress for the second sequence of sea
grass site #2 is similar to that of the oyster bed. Clams increase the Reynolds shear
stress values and often change the signs from negative to positive (Figures 4.10(c) and
4.12(d)). For the second measurement sequence at the mud site, clams are increasing
the magnitude of the peak and raising the peak location in the water column (Figure
4.6(b,c)), which could be accounted for by the lack of obstacles in the flow for this
treatment.
Both the mud site and sea grass site #2 have multiple measurement sequences
captured. These multiple measurement sequences highlight the influence of the am-
bient horizontal crossflow velocity at the same treatment site on how the presence
and behavior of clams alters the crossflow momentum distribution. For sea grass site
#2, clams have a similar influence on the values of the Reynolds shear stress and the
average velocity values, with opposite influences on the TKE (Figure 4.12). Whereas
for the mud site, clams have similar influences on the TKE values (Figure 4.5) and the
average values (Figures 4.1 and 4.2) with an opposite effect on the Reynolds shear
stress (Figure 4.6). Therefore, the influence of clams on turbulence characteristics
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appears both dependent on the ambient crossflow velocity and the type of treatment
site.
4.5 Discussion
4.5.1 Summary of Field Experiment
Table 4.1 provides a qualitative summary of the influence of the presence and behavior
of clams on the crossflow momentum distribution in natural field conditions. With
mud substrates, the presence and behavior of clams decreases the average velocity
values for the horizontal direction and increases the vertical momentum, particu-
larly near the bed. On the other hand, over sand substrates the clams increase the
magnitude of average velocity values (although, the reverse flow and the tidal flow
dominance from the two rivers could influence the behavior of the clams, in this
case). When there are obstacles upstream in the flow, the clams minimally influence
the shape of the mean velocity vertical distribution (Table 4.1). The only exception
is the sea grass site #1, the clams slightly increase the values of the mean velocities
(Table 4.1).
The horizontal homogeneity assumption of Trowbridge (1998) does not apply to
absolute velocity values; however, several field studies in the past have made the
assumption that the velocity values separated by this distance are comparable, [53],
[174], [166], and [84]. This assumption is particularly suspect in shallow estuaries,
[161], and the results presented here for mean velocity values must be interpreted
with this caveat in mind. The horizontal homogeneity assumption does, however,
apply to the Reynolds shear stress and Turbulent Kinetic Energy comparisons.
In general, the presence and behavior of clams increases the value of the peak
TKE of the measurement sequences, particularly close to the sediment, and there is
evidence that their influence may be dependent on the ambient velocity, see Table
























































































































































































































































































































































































































































































































































be a dependent the horizontal crossflow velocity.
The influence of clams on the Reynolds shear stress sequences appears to be
treatment site and ambient horizontal velocity specific (Table 4.1). Most often, clams
generally increase the Reynolds shear stress values over the entire sequence or increase
the peak Reynolds shear stress value. Often this increase includes changing the val-
ues from negative to positive values. This indicates a change in the mean velocity
gradients by the presence of clams. The two exceptions to this trend is the influence
of clams on the Reynolds shear stresses of the sea grass site #1 and the first sequence
of the mud site (S1).
4.5.2 Influence on Horizontal Momentum Distribution
Clams in the mud site appeared to decrease the average velocity values with increas-
ing influence close to the sediment surface (Table 4.1). This type of influence also was
recorded by Crimaldi et al. (2007) for clam mimics in the laboratory over smooth
plates for velocity profiles, which cannot be directly compared to the measurement
sequences of this study due to the tidal movements during the collection. Since the
influence of the clams on the velocity measurement sequences was sediment type spe-
cific in this study (Table 4.1), we can assume that the mud site is most closely related
to smooth plate laboratory measurements. For rougher substrates, in laboratory set-
tings without clams, the ambient velocities are increased and moved closer to the
sediment, [142], although fine sand was used as the smooth bed laboratory case. For
the sand case of the current study, clams minimally increase the magnitude of the
velocity measurement sequences (Table 4.1); however, the tidal flow is coming from
several directions in this site. The results of this study indicate that the TKE peak
is increased or the TKE values are increased for nearly all treatment cases, Table 4.1.
Crimaldi et al. (2007) found that in the laboratory clam mimics decreased the peak
of Turbulence Intensity (similar measure to TKE) and alter the height of the peak in
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the water column, particularly for low ambient velocities. Therefore, clam mimics of
the type used by Crimaldi et al. (2007) capture the types of influence clams have on
TKE only for the sand site and the first seagrass site in our field settings. A similar
laboratory experiment was completed over mussel beds, Van Duren et al. (2006) and
a field experiment with pinnid bivalves, Nikora et al. (2002). Van Duren et al. (2006)
found that inactive mussels increased the TKE value by being present in the flow and
their impact was even more pronounced when mussels were actively pumping.
The effect of clams on the Reynolds shear stress does not seem to have a general
trend in the results of this study, Table 4.1. Clams both increase and decrease the
values, change the magnitude of the Reynolds shear stress peak, and alter the heights
at which those peaks occur. This lack of a pattern is consistent with Nikora et
al. (1997) who found that periphyton mats influenced turbulence characteristics of
the flow selectively and the current study also found selective influence of clams in
several types of treatment sites. Clam mimics were found to increase the Reynolds
shear stress magnitude by Crimaldi et al. (2007). Although, when two profiles are
collected at the same site, at the mud site and sea grass site #2, the differences in the
influence of clams on the Reynolds shear stress could be attributed to the differences
in the ambient velocities in these cases (Table 4.1). Hence, clams may have crossflow
velocity specific influences on the Reynolds shear stress values.
In the cases presented here, the clam pumping behavior contributed to the mod-
ification of the boundary layer measurement sequence (Table 4.1). The differences
in the boundary layer measurement sequences between the two measurement devices
are consistent with the way in which clam mimics and jets-in-crossflow affect the
boundary layer momentum (Table 4.1). For example, Andreopoulis and Rodi (1984)
record velocity profiles of turbulent jets in turbulent crossflow with similar shapes
as those of this study in the mud (slowing the velocity values, particularly near the
boundary), although, they cannot be directly compared since our measurement series
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are not actual profiles. Also, Monismith et al. (1995) and O’Riordan (1993) show
clam mimics and clams in the laboratory slow the mean velocity values and alter
the shape of the velocity profile. Therefore, clams in the field control the crossflow
momentum in similar ways to the jets-in-crossflow literature, clam mimic studies, and
clams in the laboratory.
4.5.3 Upstream Structures in the Flow
Flow downstream of sea grass beds has the lowest average velocity values collected in
this study, which is expected due to the impact of the structure of the vegetation on
the velocity of the flow [16] (Table 4.1). Jumars and Nowell (1984) concluded that
biological impacts on flow momentum and sediment transport characteristics occur
during times of low Reynolds number flow, as for sea grass site #1 and the first
sequence of sea grass site #2 (Table 4.1).
The velocity measurement sequences of the current study downstream of the sea
grass beds compare favorably with velocity profiles collected in the laboratory down-
stream of sea grass mimics [16] (although, not directly comparable, since the current
study does not collect boundary layer profiles, see Figures 4.11(a) and 4.12(a)). Ir-
landi and Peterson (1991) noticed that clams in and around sea grass beds grew faster
than over sand flats despite reduced velocity and, therefore, reduced resource abun-
dance. They attributed this phenomenon to reduced predation pressure and larger
rates of feeding, particularly downstream of the sea grass beds according to the di-
rection of the flood tide [80]. Another explanation of the lowered growth rates over
mud flats is that there is evidence that as the ambient velocity increases, the clam
filtering rate decreases, [192].
Clams appear to minimally alter the shape of the vertical distribution of mean
velocity when upstream biological structures are located within the flow (Table 4.1).
From these results, it is evident that both oyster beds and sea grass beds reduce the
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impact of clams on the flow when compared to the clam impact over mud sediments.
In this study, the upstream structures are altering the turbulence characteristics of
the flow, by either increasing roughness size (oysters) or decreasing Re through reduc-
ing average velocity (seagrass). Jumars and Nowell (1984) predicted that biological
impacts would be comparable in magnitude to other types of flow impacts at low
Reynolds number flows; they did not consider other turbulence characteristics be-
yond Reynolds number. In this study, downstream of oyster beds, with a relatively
larger Reynolds number, clams do not influence the mean velocity values of the mea-
surement sequence which supports the predictions of Jumars and Nowell (1984).
4.5.4 Ecological Impacts
TKE was generally increased by the presence of clams within the sediment over most
of the treatment sites, particularly the mud and second seagrass treatment sites,(Table
4.1). Increased TKE corresponds to increased dilution of the chemical signal based
on the lab results of Rahman and Webster (2005). This suggests that clam filaments
of chemical metabolites remain at higher concentrations as they move downstream
with the flow over sand treatments. Clams have higher predation rates in sandy areas
rather than within sea grass beds where their growth rates are substantially larger,
[80]. This phenomenon may be related to the way they affect the boundary layer mo-
mentum and turbulence characteristics that dilute their chemical metabolites, since
this study suggests that over the sand sites the TKE is decreased (Table 4.1), result-
ing in higher chemical concentrations in the downstream plume. There are higher
abundances of clams found in regions of higher flow and areas with larger roughness
elements [188]. The higher predation rates over sand flats, the lowered turbulence val-
ues, and the higher abundances over regions with high turbulence collectively suggest
that an increase in turbulence intensity could create a hydrodynamic refuge from pre-
dation and that clams are not necessarily active participants in the creation of those
106
refuges. The clams of the current study did not substantially influence the velocity
measurement sequence downstream of the oyster beds, Table 4.1. This may indicate
that in areas of high turbulence, such as flows with large roughness elements, the
ambient turbulence may be sufficiently mixing the chemical metabolites of the clams
to reduce predation and that the reduction of TKE by clams in the oyster bed case
(Table 4.1) may not negatively impact clam survivorship.
The results of this study suggest that clams alter the crossflow mean momentum
distribution, and it is hypothesized that this affects the predator-prey relationship.
Through turbulence characteristics control, clams can reduce predation by predators
that have variable tracking ability with specific turbulence regimes. Hart et al. (1996)
concluded that whelks may have a hard time locating prey within sea grass beds due
to the structure of the sea grass impeding whelk locomotion. Therefore, clams would
have more incentive to reduce the turbulence in sand/mud flats where they are more
exposed to those types of predators.
In sea grass site #2, clams increase the value of the TKE peak (Table 4.1). There
may be a hydrodynamic advantage to avoidance of blue crab predation in this case.
Blue crab predators have reduced rates of tracking success in higher turbulence flows,
[187] and [82]. Therefore, with the mid-range velocity values observed at this site,
avoidance of blue crab predation (increasing TKE) may be advantageous over strate-
gies used for whelk predation avoidance (reducing TKE).
Other theories as to why clams could benefit if they contribute to the crossflow
momentum characteristics include avoidance of concentration boundary layers and
larval recruitment. By controlling the crossflow momentum as this study shows,
clams may extend the patch stability through periods of non-typical hydrodynamic
conditions signalling to larval clams the suitability of the location. Clam larvae
settlement is based on hydrodynamic cues from the environment, [70], which may have
developed in response to predation rates of clams within these flows or their ability to
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influence the turbulence. Coco et al. (2006) found that patch size, patch density, and
patch recruitment depend on the dominant hydrodynamic conditions and that there
are multiple stable patch states for those conditions, [26]. Turbulence conditions may
contribute to patch characteristics through potential predation pressures due to those
turbulence conditions.
4.5.5 Limitations of this Study
The field experiments of this study suggest that bivalve clams have an influence on
the field crossflow similar to that of laboratory experiments, [131] and [33]. Bio-
logical impacts, at least in the conditions for shallow estuaries at the tidal flows
collected here, could be an important contributor to fluid characteristics in the field.
This study quantifies the bulk influence of the presence and behavior of clams on
the crossflow, but does not determine the differences in the effect of the behaviors
verses the presence and what factors control those behaviors. To understand specific
influences of the presence of clams separate from the possible behavioral influences
further experiments must be completed. Since clams are organisms with a complex
array of behaviors, a better understanding of what external cues trigger certain clam




LABORATORY EXPERIMENTS ON UNSTEADINESS OF
CLAM EXCURRENT FLOW
Three sets of laboratory experiments are presented to quantify the clam excurrent
velocity unsteadiness/randomness according to external environmental factors. First,
several control data sets are presented for flows over non-feeding animals and clam
mimics with several jet flow rates. Second, the first clam treatment set compares
clam behavior according to the size of the clam, the nearest neighbor distance of
conspecifics, and the velocity of the ambient cross-flow. These factors may contribute
to differences in clam excurrent velocity randomness, as controlled by the organism.
Third, the second set of clam treatments attempts to quantify whether jet velocity
randomness is influenced by the presence or absence of predator cues in the upstream
flow and how those cues alter behavior depending on the external flow characteristics.
The PIV system measured a two-dimensional array of velocity vectors in a plane
that bisects the clam excurrent siphon. An example of a clam vector plot is shown in
Figure 5.1 where the arrows represent the velocity vector at that point in the flow field
and the color contours represent positive (upward) vertical velocity. This example
clam will be used throughout the following subsection for demonstration purposes
and it is typical of the results for the entire data set. The color contours highlight the
location of the clam excurrent jet. Figure 5.2 is a cartoon of the vector plot of Figure
5.1 with the location of the buried clam shown for clarity. In this case, the clam
was not completely buried beneath the sediment and the siphons were extended in
the upstream direction with the incurrent siphon located upstream of the excurrent
siphon.
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Figure 5.1: Two-dimensional PIV velocity vector plot for a 5 cm square plane
bisecting a clam excurrent jet for the case with U = 0.55 cms−1, clam length = 4.92
cm, and a nearest neighbor distance of 9 cm (Clam #5 listed in Table 5.7). The
vertical excurrent jet is revealed by the red contours on the left side of the image.
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Figure 5.2: Cartoon of Figure 5.1 showing the approximate clam location and the
extraction point for the time record of vertical velocity.
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Figure 5.3: Example time record of jet vertical velocity. This example is 225 s in
duration and corresponds to the extraction point depicted in Figure 5.2 for the clam
of Figure 5.1.
Approximately 2250 consecutive velocity fields were collected via the PIV system
and analysis. The extraction point was chosen manually for each data set for the
period that the point was within the vertical jet and the clam is actively pumping.
Figure 5.2 shows the extraction point for the example velocity field. In this case,
vertical velocity time record of 225s is extracted and displayed in Figure 5.3. The
time record of clam excurrent vertical velocity is highly unsteady with a mean of u
= 3.26 cms−1 and variance of σ2 = 3.07 cm2s−2. A few negative values of vertical
velocity appear in the time record, which can be attributed to brief intrusions of the
crossflow fluid to the centerline of the jet.
112
5.1 Time Series Analyses
The power spectral density (PSD) is calculated for the time record to quantify periodic
unsteadiness in the excurrent jet velocity patterns. Figure 5.4 shows the PSD for the
example time record on a log scale. When the frequency range of a power spectral
density plot reaches that of the inertial range of the energy cascade, the slope of
the data on a log plot is −5
3
. However, in the current study we are not necessarily
interested in the energy cascade but focus on identifying any dominant frequencies in
the low frequency range. Therefore, Figure 5.5 plots the PSD on regular axes, and
a dominant frequency cannot be identified. The example presented here is typical.
All velocity-time records for the three sets of experiments were analysed via spectral
analysis to determine possible frequency dominance in the time record. The spectral
analysis did not reveal any dominant frequencies and will not be discussed further,
other than to conclude that the time records of clam excurrent vertical velocity lack
a dominant periodic variation.
A fractal analysis quantifies the randomness of the velocity values in the time
record. For example, Figure 5.6 represents an artificially-generated time record of
fractional Brownian motion or random walk, in which the jumps in time record values
are scaled as Gaussian white noise. A fractal analysis of a time record yields a single
fractal dimension value in the range 1 < dfl < 2. The time record in Figure 5.6
has a fractal dimension of 1.488, which is close to the theoretical fractal dimension
of 1.5 for pure Brownian motion. Fractal dimension values between 1 < dfl < 1.5
are correlated, (example shown in Figure 5.7) and values between 1.5 < dfl < 2 are
anti-correlated (example shown in Figure 5.8). Therefore, as the fractal dimension
approaches 1.5, the time record values become more random. The three artificially
generated time records, with the same mean and variance as the clam jet velocity
time record, have distinct differences in texture and unsteadiness. Hence, the fractal
analysis quantifies the unsteadiness of the time record beyond the typical statistical
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Figure 5.4: Power spectral density (log axes) for the vertical clam jet velocity time
record of Figure 5.3.
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Figure 5.5: Power spectral density (linear axes) for the vertical clam jet velocity
time record of Figure 5.3.
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Figure 5.6: Artificially-generated time record of fractional Brownian motion (frac-
tal dimension = 1.488). For comparison, the mean and variance of this artificially-
generated time record match that of the vertical clam jet velocity time record of
Figure 5.3.
quantities of mean and variance.
The clam jet excurrent velocity time record most qualitatively matches that of
the anti-correlated time record of Figure 5.8. As expected, when the fractal analysis,
i.e., Hurst’s rescaled range analysis, is applied to the example time record of clam
excurrent vertical velocity (Figure 5.3), the resulting fractal dimension is dfl = 1.7704.
This value indicates that the clam jet time record is more anti-correlated than random
(i.e. a large value is likely to be followed by a small value of velocity).
In addition, a lacunarity analysis is used to quantify the “texture” or the distribu-
tion of velocity unsteadiness. Lacunarity analysis is used to further quantify data sets
with similar fractal dimensions [107]. The analysis yields a plot of lacunarity versus
box size, which for a time record corresponds to a time period. Figure 5.9 shows the
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Figure 5.7: Artificially-generated persistent (correlated) time record (fractal dimen-
sion = 1.3408). For comparison, the mean and variance of this artificially-generated
time record match that of the vertical clam jet velocity time record of Figure 5.3.
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Figure 5.8: Artificially-generated anti-persistent (anti-correlated) time record (frac-
tal dimension = 1.6427). For comparison, the mean and variance of this artificially-















Figure 5.9: Lacunarity as a function of box size (i.e., time period) for the time
record of vertical jet velocity shown Figure 5.3 (log axes).
lacunarity plot for the example time record shown in Figure 5.3. The lacunarity plots
shown here are normalized by the lacunarity value at the smallest box size for com-
parison purposes. Hence, the largest value of normalized lacunarity is always equal
to one.
The shape of the lacunarity plot reveals the deviation of a fractal (in this case
the time record) from established geometric patterns [137]. Further, the shape of the
lacunarity curve indicates features of the velocity time record. For example, high
lacunarity values indicate “clumping” or closely clustered values of velocity. At a
box size value that corresponds to the size of the clumped or clustered values, the
lacunarity value decreases and curve “drops off” as can be seen in Figure 5.13.
A lacunarity analysis of white noise is shown in Figure 5.10 and has a concave up














Figure 5.10: Lacunarity as a function of box size (i.e., time segment) for Gaussian
white noise (log axes).
will also have a lacunarity curve with a concave-upward shape. For example, Figure
5.11 for a large clam with large nearest neighbor distance, and the largest crossflow
velocity matches this description.
Fractals, by definition, have a power law relationship between geometric ratios
and the box size and which suggests that on a log-log scale a lacunarity curve would
be a straight line for a pure fractal. Lacunarity curves that are more linear in shape
represent the geometric scale independence of true fractals [137]. An example of a
clam jet velocity time record with a “linear” lacunarity curve is shown in Figure 5.12.
When there is a distinct gap-size scale within the clam jet velocity time record, the
lacunarity curve will have a break in slope at that box size. An example of this type
of lacunarity curve is shown in Figure 5.13 for a large clam with close neighbors and
the largest crossflow velocity. There is a distinct break in the slope of the lacunarity
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Figure 5.11: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #8 of Table 5.7, U = 2.86 cms−1, clam length
= 6.91 cm, and nearest neighbor distance of 9 cm. (log axes)
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Figure 5.12: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #4 of Table 5.7, U = 2.86 cms−1, clam length
= 4.6 cm, and nearest neighbor distance of 3 cm (log axes).
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Figure 5.13: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #6 of Table 5.7, U = 2.86 cms−1, clam length
= 7.30 cm, and nearest neighbor distance of 3 cm (log axes).
curve at a box size of approximately 3 s. This indicates that the velocity values of
the time record of vertical velocity clump in time scales smaller than 3 s, and that
there is a distinct lack of clumping in scales greater than 3 s.
Clam behavioral changes during the measurement period often interrupts the time
record collection since the jet velocity extraction point can move locations or the clam
may stop pumping momentarily or altogether. Therefore, for several of the treatment
types there are multiple shorter jet velocity time records rather than one long time
record. In these cases, the fractal dimension values are averaged over the ensemble of
time records. In contrast, the lacunarity plot values are not averaged. The lacunarity
plots for each time record are plotted and the dominant lacunarity shape type is
noted for that case. An example case is shown in Figure 5.14 with four time records
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Figure 5.14: Non-normalized lacunarity plots for four time record segments collected
for a clam of length = 4.68 cm, U =1.98 cms−1, and nearest neighbor distance of
3 cm (log axis). Triangles represent a time record of 57.1 s, Diamonds represent a
time record of 26.8 s, circles represent a time record of 24.1 s, and squares represent
a time record of 15.1 s. The legend indicates the curve type for each record.
for a small clam with small nearest neighbor distance and a crossflow velocity of 1.98
cms−1. In this case there are four time record segments. The lacunarity curves have
not been normalized, and hence they do not have the same y-axis intercept value.
Also, the length of the time records are not the same, and therefore the lacunarity
curves do not have the same range of box size. The key information from these plots
is the general shape of the curve. For this case there are three time records with a
distinct break in slope and one that appears as a random shape (i.e., concave up).
Hence, the conclusion is that this data set is dominated by lacunarity plots with a
size distinction.
With the analysis tools described above, the current study calculates the fractal
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dimension values and categorizes the shape of the lacunarity curves for clams exposed
to several treatment types. The lacunarity plots are given a nominal category upon
visual inspection of the plot of either “Random” for a shape similar to that of Figure
5.11, “Fractal” for a shape similar to that of Figure 5.12, and “Size” for a plot with
a distinct break in slope similar to that of Figure 5.13.
5.2 Results for Control Cases
Several time records of vertical velocity were collected for control cases of clam mimics,
clam shells only, and no clams present in the flow for comparison with the active clam
jet data. These control cases include time records from a man-made vertical jet (clam
mimic) with flow rates of 0.467 cm3s−1 and 0.0 cm3s−1 (see Table 5.1). A 0.95 cm
inner diameter plastic tube was used to deliver a constant flow rate to the vertically-
oriented tube (mimic clam). The clam mimic tube inner diameter is larger than that
of typical clam excurrent siphons; however, this disparity was necessary to maintain
the jet mimic flow within the range of typical clam jet Reynolds numbers. The mimic
clam tube extends 0.75 cm into the water column, which is a similar height to many of
the clam siphons in the current study. The zero flow rate case will indicate the effect
of the physical presence of the clam mimic siphon on the vertical velocity. In addition,
time records of vertical velocity were extracted for the case of a non-pumping clam
to determine the effects of the presence of the body of the clam in the flow. Finally,
a time record was extracted for a case without clams or a mimic present to quantify
the effect of the disturbance of the sediment by the clams without the animal present.
repeated-measures ANOVA reveals a significant difference (p < 0.001) in the mean
jet/vertical velocities depending on the control case type (i.e. clam shell only, clam
mimic, etc.).





































































































































































































































































































































Table 5.2: Jet/vertical to crossflow velocity ratio for the laboratory control cases.
Four control cases were employed, as described in the first three columns, in order to
compare to the trends observed in the clam excurrent jet data.
Jet flow diameter Crossflow velocity (cms−1)
rate (cm3s−1) (cm) 0.55 1.2 1.98 2.86
No clam, no jet -0.15 -0.07 -0.04 0
Clam shell only (6.99 cm) 0.6 0.68 0.72 0.78
Clam mimic 0.467 0.9525 24.71 10.62 5.56 1.69
Clam mimic 0 0.9525 -6.25 -2.92 -1.95 -1.61
or the mean vertical velocity values (in cases without jets) and the standard devia-
tions for each clam jet velocity time record. A repeated-measures ANOVA reveals a
significant difference (p < 0.001) in the mean jet/vertical velocities depending on the
control case type (i.e. clam shell only, clam mimic, etc.). Since the jets-in-crossflow
literature deems the jet-to-crossflow velocity ratio as a significant determinate of the
type of jet structures present in the flow, Table 5.2 reports the jet-to-crossflow ve-
locity ratios for the control cases (in cases without actual jets, the vertical velocity
was used in calculation of the ratio). A repeated measures ANOVA finds a significant
difference (p < 0.03)in the jet-to-crossflow velocity ratio (vertical velocity to crossflow
velocity ratio) according to the control case type.
The fractal dimension calculated for each case are presented in Table 5.3. A
two-way, repeated measures ANOVA (analysis of variance) did not find significant
differences in the fractal dimension values among the control cases for any of the
factors (crossflow velocity, nearest neighbor distances, and clam size). An ANOVA is
an extension of the Student’s two-sample t-test to compare means of several groups,
simultaneously, to reduce error due to possible interaction between groups. The
ANOVA determines any differences in means in the groups and whether there is a
dependence on one factor in the means of another factor.
The lacunarity curve types for the control cases are presented in Table 5.4, and the












































































































































































































































































A two-way, repeated measures NANOVA (nominal analysis of variance) found a sig-
nificant difference in lacunarity plot type for the control cases according to velocity (p
< 0.001), [181]. NANOVA differs from ANOVA in the respect that ANOVA is a com-
parison of quantitative means whereas NANOVA is a comparison of the distribution
of nominal values. The advantage for this analysis is that it allows for comparison of
treatments that do not necessarily have quantitative measures associated with them.
It is often used in drug treatment trials, for example, to compare drug side effects
from patient questionnaires. The disadvantage of this statistical comparison test is
that, without quantitative values, the test can only determine if the nominal values
are qualitatively different, but not necessarily how they are different quantitatively.
The NANOVA in the current study tells us whether or not the randomness is different
in the trials but does not give us a trend or the ability to say one treatment gives
more or less randomness than another. For these control cases, a majority of the
lacunarity curves have random type lacunarity curves, there are two cases in which
there is a size selection, Table 5.4.
5.3 Results for Laboratory Clam Jets with Varying Envi-
ronmental Conditions
The data presented in this section address the effect of external environmental factors
on clam feeding behavior. Clam size, the density of clams, and the hydrodynamic
characteristics of the crossflow may contribute to alterations in clam jet velocity be-
havior. Table 5.5 summarizes the time record collection for the controlled external
factors and the mean and standard deviations for the jet velocity time records calcu-
lated for each case for four horizontal crossflow velocity values (0.55, 1.2, 1.98, 2.86
cms−1), two nearest neighbor distances (3 and 9 cm), and two clam sizes (4.86±0.22
cm and 7.32±0.32 cm). Non-dimensionalizing the nearest neighbor distance by the
mean clam size in each case give you non-dimensional nearest neighbor distances of















































































































































































































A multi-way repeated measures ANOVA reveals a significant interaction (p <
0.034) for the mean jet velocities according to the length of the clam and the crossflow
velocity. In other words, the clam mean jet velocity values are influenced by the
crossflow velocity but those values are dependent on the size of the clam. This
suggests that blue crabs may dominate the predator-prey system if this modification
is related to predation interactions.
The jet-to-crossflow velocity ratios are reported in Table 5.6 and the fractal di-
mensions calculated for each case are shown in Table 5.7. A multi-way repeated
measures ANOVA finds that there is a significant difference in the jet-to-crossflow
velocity ratios according to the size of the clam (p < 0.044) and according to the
crossflow velocity (p < 0.001). The jet-to-crossflow velocity ratio at a crossflow veloc-
ity of 0.55 cms−1 is significantly larger than the jet-to-crossflow velocity ratio of the
three other crossflow velocity values (p < 0.05). This suggests that as the crossflow
velocity increases from a value of 0.55 cms−1, the clams either do not maintain the
jet-to-crossflow velocity ratio by increasing the jet velocity proportionally or that they
are incapable of doing so. Also, the jet-to-crossflow velocity ratio for the smaller size
clams ( v
U
= 3.58±0.10) is significantly larger than the jet-to-crossflow velocity ratio
for the larger size clams ( v
U
= 2.48±0.06). This could indicate that there may be an
advantage for smaller clams to have larger velocity ratios than larger clams. This also
may indicate that Blue crabs dominate the predator-prey system, since the clams are
changing their behavior according to their size range (given that the alteration in the
clam jet behavior is controlled by predation pressure).
Table 5.7 shows the fractal dimension values calculated with the Hurst’s Rescaled
Range Analysis for this laboratory experiment. A multi-way, repeated measures
ANOVA found no significant differences in the fractal dimension values of the time
records according to crossflow velocity, clam nearest neighbor distance, or clam size.






































































































































































































































































































































































































































































































































































































































































































the plot (Table 5.8). A multi-way, repeated measures NANOVA found a significant
difference in the lacunarity curves according to the horizontal crossflow velocity (p
< 0.001) and a significant interaction between the nearest neighbor distance and the
clam size (p < 0.001). Therefore, although the amount of randomness in the veloc-
ity time records may be statistically similar (as measured by fractal dimension), the
distribution of the randomness or the texture of the randomness is crossflow velocity
specific. Hence, the data indicate that clams have behavioral differences in their jet
velocity unsteadiness according to the crossflow velocity value.
Also, the ANOVA reveals a significant interaction between the nearest neighbor
distance and the size of the organism. This implies that the reaction of clams to the
density of the clam patch is dependent on the size of that particular animal.
5.4 Results for Laboratory Clam Jets with Predator Effects
In these data, predators (blue crabs recently fed with frozen shrimp) were caged up-
stream of the clam plots to determine whether predator cues induce feeding behavior
modifications in clams. Velocity time records were collected with and without preda-
tor cues in the upstream flow and the crossflow velocity was altered. The data in
this section were collected exclusively for the smaller clam size and nearest neighbor
distance of 3 cm.
Treatment details and are shown in Table 5.9 along with mean jet velocity values
and standard deviations of the jet velocity values. There is no significant difference
in the mean jet velocity values for the second laboratory experiment according to a
two-way repeated measures ANOVA. Table 5.10 contains the jet-to-crossflow velocity
values for the second laboratory experiment. There is a significant difference in the
jet-to-crossflow velocity values according to the crossflow velocity, revealing the same
patterns as the first laboratory experiment (jet-to-crossflow ratio is significantly larger





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 5.9: Mean jet velocities and standard deviations for the time records of clam
excurrent vertical velocity. The table reports data for varying horizontal crossflow
velocity with and without a predator in the upstream flow.
focal length Crossflow velocity (cms−1)
clam (cm) predator 0.55 1.2 1.98 2.86
1 4.76 no 0.92±1.26 1.38±1.77 3.25±2.75 1.09±3.98
2 4.76 no 1.66±2.03 2.67±2.08 2.93±4.28 4.13±6.63
3 4.60 no 2.79±2.31 0.77±0.77 1.28±1.17 1.77±1.52
4 4.45 yes 3.22±4.23 0.77±2.54 1.06±2.07 0.71±2.58
5 4.45 yes 1.29±1.45 0.70±2.02 0.80±3.19 4.42±5.33
6 4.76 yes 0.58±1.20 1.11±1.24 1.27±2.25 0.71±2.88
Table 5.10: Jet to crossflow velocity ratios. The table reports data for varying
horizontal crossflow velocity with and without a predator in the upstream flow.
focal length Crossflow velocity (cms−1)
clam (cm) predator 0.55 1.2 1.98 2.86
1 4.76 no 1.67 1.15 1.64 0.38
2 4.76 no 3.02 2.23 1.48 1.44
3 4.60 no 5.07 0.64 0.65 0.62
4 4.45 yes 5.85 0.64 0.54 0.25
5 4.45 yes 2.35 0.58 0.40 1.55
6 4.76 yes 1.05 0.925 0.64 0.25
dimension values for each jet velocity time record. A two-way, repeated measures
ANOVA reveals that there is a significant difference in the fractal dimension value
depending on whether or not predators are present in the upstream flow (p < 0.015).
A plot of the mean fractal values according to the presence of predators is shown
in Figure 5.15. The fractal dimension values are closer to 1.5 when predators are
present, which signifies that the clam jet velocity values are more random when the
predator is present upstream. A two-way, repeated measures NANOVA finds that
there is no significant difference in the shape of the lacunarity curves in this data set
(Table 5.12).
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Table 5.11: Fractal dimension for the time records of clam excurrent vertical velocity.
The table reports data for varying horizontal crossflow velocity with and without a
predator in the upstream flow.
focal length Crossflow velocity (cms−1)
clam (cm) predator 0.55 1.2 1.98 2.86
1 4.76 no 1.8245 1.814 1.7873 1.8468
2 4.76 no 1.8701 1.8836 1.8714 1.8721
3 4.60 no 1.839 1.7896 1.8126 1.7566
4 4.45 yes 1.8413 1.744 1.7953 1.8177
5 4.45 yes 1.7697 1.7428 1.8098 1.6304
6 4.76 yes 1.6871 1.7256 1.8226 1.7374
Figure 5.15: Mean fractal dimension value for time records of vertical velocity for
the cases reported in Table 5.11 according to the presence or absence of predators.
Error bars represent standard error values. The letters indicate significant difference
with a two-way, repeated measures ANOVA (p = 0.015).
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Table 5.12: Lacunarity curve type for time records of clam excurrent vertical veloc-
ity. The table reports data for varying horizontal crossflow velocity with and without
a predator in the upstream flow.
focal length Crossflow velocity (cms−1)
clam (cm) predator 0.55 1.2 1.98 2.86
1 4.76 no Random Random Random Random
2 4.76 no Random Random Random Random
3 4.60 no Size Random Random Fractal
4 4.45 yes Random Random Random Random
5 4.45 yes Size Fractal Random Fractal
6 4.76 yes Size Fractal Random Random
5.5 Discussion
5.5.1 Clam Pumping Behavior
Our qualitative observations of the clam excurrent jet suggests behavior that is similar
to previously reported observations. For instance, clam filtering “resting periods”
rates are comparable to those of de Bruin and Davids (1970), (personal observation,
not recorded). As a result, many of the clam measurement events in the current
data collection consisted of several discrete time records that began and ended due
to “resting periods”.
Troost et al. (2009) used a PIV system to measure the incurrent velocities and
modelled the excurrent jet velocities of three bivalves: a mussel, oyster, and cockle.
They were unable to use the PIV system to determine excurrent jet characteristics
due to the filter feeding nature of the organisms removing the suspended synthetic
white particles of 25-50 µm diameter. They predicted excurrent jet velocity values
an order of magnitude larger than those collected for clams in the current study,
which suggests that the model may have significant limitations. Frank et al. (2008)
found PIV systems to accurately characterize the excurrent jet flow of Mercenaria
mercenaria along with an ascidian, a mussel, an oyster, and a scallop. Titanium
dioxide (TiO2, 2 µm diameter) provided a seeding particle that was sufficient for the
PIV system requirements and passed through the bivalve filter. They found similar
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mean jet velocity values as those collected in the current study without disturbing
either the fluid or the animal in quiescent flow conditions. They were interested in
bulk jet velocity values to determine a direct method of finding clearance rates rather
than the quantitative characteristics of the excurrent jet flow.
Based on these observations, the clams used in this study are pumping in a manner
that appears consistent with observations of previous studies. The measurements
of Frank et al. (2008) and the extensive testing of seeding particles indicates that
titanium dioxide particles pass through Mercenaria mercenaria with sufficient density
to facilitate PIV measurements and do not visibly alter the pumping behavior.
The control cases in the current study document a background characteristic of
randomness or unsteadiness in vertical velocity values for steady jets, clam shell only,
mimic siphon only, and sediment pockets due to clam burying. The patterns in the
lacunarity curves seen for the clam jets (Table 5.8) are not present in any of the control
cases (Table 5.4). Most notable is the lack of coherence in the comparison between the
lacunarity plot patterns for the biological clam jets and the steady clam mimic jets.
Steady jet clam mimics or chemical sources do not mimic the source characteristics
for actual clam chemical metabolite plumes. Therefore, the information available to
predators in the downstream plume of a steady source does not necessarily represent
the information available to predators in actual clam chemical plumes. Also, steady
jet clam mimic results may underestimate the mixing of the excurrent jet chemicals.
Other observations from the control cases include that there are no contributions to
the patterns seen in the lacunarity plot shapes due to the pockets created by the
burying action of clams, the presence of the clam shell or non-pumping clams, or the
presence of the clam mimic siphon. Finally, since the clam source characteristics are
highly unsteady and have lacunarity shapes that are not seen in steady source clam
mimics, studies that use clam mimics may be underestimating the mixing/dilution
of the clam jet. This could impact calculations of concentration boundary layers or
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clam refiltration rates. The novel information provided by the current measurements
is the quantification of the unsteadiness of clam excurrent jet flow, and the impacts
of the results are discussed in the following subsection.
5.5.2 Dominant Predator-Prey Interaction
The predator-prey system of interest here is the relationship between bivalve clams
(Mercenaria mercenaria) and their predators, whelks (Busycon carica) and blue crabs
(Calinectes sapidus). While both predators use olfactory tracking to locate their clam
prey, they have specific consumption methods and are successful in flows possessing
different hydrodynamic characteristics. For example, blue crabs prefer to consume
smaller, more easily crushed clams, depending on the availability and level of starva-
tion [114]. In contrast, whelks consume clams of all sizes and have higher predation
success in high turbulence regimes [54]. The reaction of the clams to the density
of the patch is dependent on the size of the clam (Table 5.8) which suggests that if
the clam behavioral modifications are related to predation, blue crabs dominate the
predator-prey system. Since clams of all sizes are susceptible to whelk predation,
whelks are not likely controlling the predator-prey relationship here because there is
a dependence of clam size their reaction to clam patch density. It may be advanta-
geous for clams to develop feeding strategies that avoid predation by blue crabs when
members of clam patches are of certain sizes and densities. A large chemical plume,
resulting from the interaction of many clam excurrent jets, may attract blue crabs to
the area, in which case the smallest clams are the most susceptible to predation. On
the other hand, since crabs have been shown to react to more discreet filaments of
chemical cues [82], it may be advantageous for small clams, when individuals, to em-
ploy feeding behavior that avoids predation by controlling the distribution of their jet
velocity values. The dependence of clam reaction to patch density on the clam size,
in the current data (Table 5.8), suggests that blue crabs dominate the predator-prey
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relationship.
Blue crabs tend to be more successful at locating prey in lower turbulence regimes
(unless the flow rate decreases to quiescent) and their success decreases with in-
creasing ambient turbulence [187]. If blue crab predation pressure is dominating the
predator-prey relationship, as the density/size results suggest, then clam behavioral
changes according to the ambient turbulence, or in this case, crossflow velocity may
also increase survivorship. The textural distribution of the clam jet velocity values
changes according to the ambient horizontal crossflow velocity (Table 5.8), a pattern
which is not observed in any of the control cases (Table 5.4). As the ambient turbu-
lence regime changes, clams are altering the chemical plume source characteristics.
Clam behavior, in response to hydrodynamic conditions, may be a result of predation
pressure during those conditions. Clam feeding behavior could contribute to cre-
ation of a hydrodynamic refuge or avoidance of a hydrodynamic predation hotspot.
They may also be controlling the mixing of the chemical cues in dominant ambient
hydrodynamic conditions.
Blue crab tracking success is also decreased when the chemical source plume has
a pulsed release rather than a continuous release [92]. Pulsed release plumes are a
simple mimic to test the crab’s ability with unsteady chemical source releases. The
clam jet velocity time records of the current study have highly unsteady velocity values
(e.g., Figure 5.3) and the lacunarity curves suggest that there are often documented
gaps between values of velocity (Table 5.8). Therefore, with unsteady clam excurrent
jets, as observed here, crabs may have less predation success. Weissburg and Zimmer-
Faust (1993) suggest that there may be certain hydrodynamic conditions that provide
a refuge from predation pressure by certain predators. A key component for study
of the predator-prey system here is how the prey item may disguise their presence
within the spatial and temporal environment [183], and our results suggest that clams
are altering the randomness of the jet velocities according to predators and ambient
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turbulence which may contribute to this “disguise”. However, without evidence of
how the behavioral changes actually alters the downstream chemical plumes, the
above statement is speculative, at best.
5.5.3 Predator Avoidance Behavior
Clams have been shown to have reduced growth rates when predator chemical cues
are present, even without direct predation pressure [126]. Nakaoka (2000) suggests
that the growth rate reduction is mediated by clam predator avoidance behavior.
Smee and Weissburg (2006) found that predator-induced predation avoidance behav-
ior does increase the survivorship of clams in the field and the results presented in
the current study may be a quantification of that predator avoidance behavior. Smee
and Weissburg (2006) also found that clam reduction in feeding was specific to the
type of predator and the ambient flow characteristics.
In the current study, clams enhance the randomness of their excurrent jet velocity
values when predator cues are present in the upstream flow (Figure 5.15), which
is consistent with the findings of both Nakaoka (2000) and Smee and Weissburg
(2006). The presence or absence of predators in the upstream flow of the current
study alters the way in which clams are choosing to pump. The clam chemical source
velocity values are more random when predators are present in the upstream flow. The
randomness of the velocity values may reduce or change the amount of information
in the downstream chemical plume. The clams of the current study are sensing the
presence of predators in the upstream flow and altering manner in which they feed.
This behavioral difference could account for the reduced growth rates through energy
reallocation or reduced filtration rates. Smee and Weissburg (2006) found that clams
that are in the presence of (caged) predators experience lowered predation rates which
could be a direct result of the feeding behavioral changes seen here. There may be a
trade-off between the reduced growth rates and increased survival rates that is worth
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the effort of altering the jet velocity randomness in the presence of predators.
Irlandi and Peterson (1991) suggested that predation avoidance behavior is re-
sponsible for reduced clam growth rates on sand flats when compared to those on
the fringes of sea grass beds and when compared to clams within the sea grass beds.
Predation pressure is higher on sand flats than within the sea grass beds due to the
sea grass structure hindering predator locomotion. Clams located in sand flats would
have higher rates of predation avoidance behavior due to the higher rates of direct and
indirect predation pressure. Reduced growth rates could be due to reduced amounts
of food particles reaching the interior of the clam by avoiding feeding during times of
high predation pressure. Also, predator avoidance behavior could reduce growth rates
by reallocating energy from growth to controlling the excurrent jet velocity random-
ness. The clams of the current study are altering their feeding behavior according
to environmental conditions such as the size and density of clams, the horizontal
crossflow velocity, and the presence or absence of predators. Jet velocity randomness
strategies may have energy costs associated with them and these behaviors may re-
duce the energy available for clam growth in regions of high predation pressure or
specific ambient flow rates. In fact, Wells (1957) found more clams in locations with
faster currents and regions with sediments of shell hash rather than sand, which sug-
gests that predation pressure is low in regions that have increased amounts of ambient
turbulence. As the ambient turbulence increases, clam survivorship also increases and
in the current study clam excurrent velocity time records have varying characteristics
of unsteadiness depending on the horizontal crossflow velocity (Table 5.8). Although,
Judge et al. (1992) found no relationship between the crossflow velocity and clam
growth, which suggests that growth may be more dependent on predator effects.
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5.5.4 Patch Dynamics
It may be advantageous to be part of a densely packed clam patch when of a certain
size range and to be an individual at other size ranges. The difference in clam jet
velocity randomness, as found in the current study, is dependent on the density of
clams in the patch and the size of the organism (Table 5.8). The current study
examined at excurrent jet behavior for clams separated by a small distances, such
that in many cases the clam shells were touching one another. Clams of the patch
densities used in the current study have been shown to have behavioral differences
in their movement from the placement location [193]. The closely packed clams tend
to move away from one another significantly more than those of the sparsely spaced
patch. While clams are most often buried beneath the sediment, they do create
pockets in the sediment through their burying action. Also as sediment transport
occurs, they become more or less buried depending on the conditions, which could
result in exposure of the clam shell. Therefore, the presence of clams adds roughness
features to sand and mud flats. Green et al. (1998) found a critical mussel density
where skimming flow began and the crossflow does not reattach to the sediment
surface after moving past the roughness features. Skimming flow reduces the drag
coefficient on the organisms and could provide a refuge for larval settlement or mutual
bivalve sheltering. There may be a critical clam plot density according to the onset
of skimming flow or even the onset of chemical plume interaction depending on the
dominant size range within the plot. There may be a critical clam density in which
the advantageous behavior changes from unsteady flow to steady flow when the clam
chemical plumes begin to interact with one another. Coco et al. (2006) took a step
further and theorized that bivalve patch dynamics were not necessarily the sum of the
behaviors of individual animals. The current study found that clam response to the
density of the patch is dependent on the size of the clam (Table 5.8). This suggests
that individual clams have clam patch specific behaviors that when scaled-up to the
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size of the patch have different characteristics than a sum of clam behaviors from
individual clams.
Coco et al. (2006) modelled the patch dynamics and found that there may be
multiple stable states and that the first factor that is controlled by the flow field,
food concentration, and patch density is recruitment of larval clams. Therefore, the
behavior of clams according to the clam density and clam size found herein (Table
5.8) may not necessarily be directly related to predation, but indirectly through larval
recruitment. Hart et al. (1996) found that larval settlement is highly dependent
on hydrodynamic cues. Adult clam feeding behavior may be contributing to those
hydrodynamic conditions as a means of communication to larvae as to whether or
not the patch is recruiting or deterring new patch members. In fact, Ertman and
Jumars (1988) found that the presence of bivalve siphons may enhance the settlement
of larvae. The results here indicate that clams of different sizes alter their feeding
behavior depending on the density within the patch. If patch recruitment is more
dominant than predation pressure, as Coco et al. (2006) suggests, the differences in
feeding behavior may not be fostering a refuge from predation but signalling clam
larvae or promoting the hydrodynamic conditions that induces or deters larvae from
settling. Through this hydrodynamic signalling method, clams of certain sizes may
control the clam patch density.
5.5.5 Influence of Siphon Flow on the Plume
Clam excurrent jets are biological examples of a jet-in-crossflow. Much of the jet-in-
crossflow literature cites the jet to crossflow velocity ratio as a dominant controlling
feature of the system. Andreopoulos and Rodi (1984) found that as the jet to crossflow
ratio decreases, the jet tends to bend over and the crossflow is deflected over the jet
fluid. Also, as the jet to crossflow velocity ratio increases, the jet bending is much more
gradual and the crossflow is deflected around the jet fluid. Entrainment of ambient
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fluid into the jet flow increases as jet fluid height increases. This entrainment would
result in lowered concentrations of the clam chemical metabolites in the downstream
chemical plume.
The mean clam jet velocities collected in the current study have jet to crossflow
velocity ratios of roughly between 1 and 2, which is in the mid-high range of ratios
tested by Andreopolous and Rodi (1984) (although, their velocity magnitudes and
Reynolds numbers were much higher). With mid-high velocity ratios, the clam jets
of the current study should be reaching relatively large heights in the water column.
Clam mimics jets, which were supplied with steady jet flow, were shown to increase
in height with a decrease in jet to crossflow velocity ratio [116]. O’Riordan et al.
(1993) found that in a dense clam patch (with steady clam mimic jets), more mixing
occurs with higher siphon heights and smaller jet velocities. Also, a dominant factor
in chemical metabolite concentrations is the clam patch density, with the siphon
height being a secondary factor, [133], with larger clams having larger excurrent
siphon lengths. However, Thorin et al. (1998) found that another clam species
(Mya arenaria) tended to avoid extending their siphons above the sediment surface.
Although the siphon heights were not quantified in the current study, they were often
above the sediment surface. This suggests that the siphon height is an important
factor for mixing of metabolites when clam excurrents are interacting with other
clams. This could account for the size depended response to patch density (Table
5.8), in that, large clams could compensate more easily for patches of high density
when promoting the mixing of their chemical plume. In contrast, small clams, with
short siphons, would have higher energy costs when promoting the mixing of their
downstream chemical plume. In this context, clams of different size ranges would be
likely to have different jet velocity unsteady characteristics depending on the density
of clams in the patch, as was found in the current study (Table 5.8).
The clam jet velocity time records presented here are highly unsteady (Figure
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5.3) and the character of the unsteadiness changes with horizontal crossflow velocity ,
size and density of clams, and the presence of predators (Table 5.8 and Figure 5.15).
While the velocity time records of the clams do not necessarily have specific puls-
ing frequencies associated with them, we can compare the time records to literature
quantifying the effects of pulsed jets and pulsed jets-in-crossflow due to the unsteady
nature of pulsed jet flow. Bera et al. (2001) found that unsteady (pulsed) jets had
higher rates of entrainment of the receiving fluid into the jet fluid. The larger rates
of entrainment result in lower concentration of the jet fluid in the plume. For clams,
this may result in the dilution of chemical metabolites, and it may be advantageous
to encourage the mixing of the chemical plume depending on the ambient turbulence
level or when predators are detected in the flow. Laminar pulsed jets have a more
spread plume than continuous jets and laminar vortex rings are more persistent due
to the unsteadiness [20]. As vortex rings are more persistent, they are present longer
and travel higher in the water column before they are dissipated, resulting in more
entrainment of the ambient fluid. When predators are present in the upstream flow,
clams increase the randomness of their excurrent (Figure 5.15). Unsteadiness is asso-
ciated with higher rates of entrainment and therefore, lowered jet fluid concentrations
in the downstream plume. It may be advantageous to encourage the dilution of the
chemical metabolites with predators cues in the flow. Hermanson et al (1998) found
that as the injection time of the pulsed flow decreased, the shedding vortex rings were
more persistent. The lacunarity curves found in the current study could inform as to
the injection time by equating injection time with the clumped nature of the velocity
values in the jet velocity time records. A break in the slope of the lacunarity plot
could indicate a dominant clam injection time scale. A smaller dominant box size
corresponds to more persistent vortex rings, according to the results of Hermanson
et al. (1998).
Low frequency pulsing has been found to lead to more entrainment because it
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fosters large vortex ring formation and persistence [22]. The PSD curves of the
current study, while not revealing a dominant frequency, had more power with the
lowest frequencies (Figure 5.5). Also, Johari et al. (1999) found that there are optimal
combinations of frequency of pulsing and the duration of the pulse for enhancement
of the penetration of the vortex rings into the water column. They found that as the
vortex rings were separated in time/space the entrainment of the ambient fluid into
the jet plume increased. Wegner et al. (2004) found that jet flow unsteadiness and
mixing increased according to the jet angle with respect to the crossflow dominant
direction. With a jet angled upstream to the crossflow, more mixing of the jet fluid
should occur. The example clam presented had the siphon pointing in the upstream
direction (Figure 5.2), as did many of the clam jets collected. Clams have the ability
to, and often do, change the angle, location, and size of their excurrent siphons. This
behavior was not necessarily quantified here, however it was observed quite frequently.
By angling the jet siphon in the upstream direction, the downstream chemical plume
may be wider and more dilute than with other siphon positions.
Clams are altering their feeding behavior according to external environmental con-
ditions such as the ambient horizontal crossflow velocity (Table 5.8) and the presence
or absence of predators in the upstream flow (Figure 5.15). Also, the reaction of clams
to the density of the clam patch is dependent on the size of the animal (Table 5.8).
Therefore, clams have dynamic feeding behaviors that are influenced by many exter-
nal conditions and they react by controlling the unsteady character and distribution




This study has three distinct experimental sections that looked at aspects of the re-
ciprocal relationship between bivalve clams and their predators: field measurements
of vertical distribution of velocity, laboratory experiments quantifying the effect of
environmental cues on clam pumping behavior, and laboratory experiments quanti-
fying the effect of predator influence on clam feeding. This chapter summarizes the
findings of each set of experiments, integrates the experiments, and makes conclusions
about the predator-prey system as a whole. The chapter also summarizes the unique
contributions of this study and gives suggestions for future work in this area.
6.1 Summary
The relationship between the predators (blue crabs and whelks) and prey (hard clams)
is mediated by the generation, transmission, and acquisition of clam chemical metabo-
lites. Generally, this study attempts to quantify the control that clams have on the
generation and transmission of the chemical signal.
Clams are filter feeders that uptake ambient fluid through their incurrent siphon,
filter food particles out of the fluid, and release waste products with the filtered sea
water through their excurrent siphon in a jet-like flow structure. Clams are able to
control the height, diameter, and velocity of the excurrent jet.
6.1.1 Field Experiments Addressing Crossflow
The clam excurrent jet flow adds vertical momentum to the ambient boundary layer,
and the field experiments of the current study quantify the clam effect on the cross-
flow. The current study quantifies the effects of actual clam jets in field conditions to
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determine the relative magnitude of the influence of clams when compared to other
field influences.
ADV measurements were collected of the u, v, and w components of velocity
simultaneously above patches of clams and above sediment with no clams for several
sites that are typical of clam habitats. Treatment sites included tidal flats with mud
substrates and flats with sand substrates. Also, velocity measurements were collected
for clam patches downstream of oyster beds and downstream of sea grass beds with
mud as the dominant substrate type.
The effect of clams on the crossflow and turbulence characteristics such as Tur-
bulent Kinetic Energy (TKE) and Reynolds shear stress (u′w′) were determined for
the field treatment sites. The horizontal homogeneity assumption allows direct com-
parison of the turbulence characteristics for the simultaneous measurements with and
without clams. The assumption of flow uniformity over the probe separation distance
of 1 m is consistent with many previous studies, [53], [174], [166], and [84].
For the mud and sand sites, clams alter the horizontal velocity, particularly close
to the sediment. However, they appear to decrease the velocity values over the mud
substrates and increase the velocity values over the sand substrates. A primary dif-
ference between the mud and sand sites is that the mud site consists of unidirectional
flow, whereas the sand site has reverse flow near the bed, which indicates that the
boundary layer is separated.
The effect of clams on the TKE appears to be dependent on the magnitude of
the horizontal flow and the site treatment type. In general though, clams tended to
increase the peak values of the TKE for most of the treatment sites of this study. In
a few cases, clams altered the height in which the peak TKE value occurred.
The Reynolds shear stress measurements did not reveal a clear pattern in the type
of clam influence, which suggests that there may be a factor(s) that controls clam
influence that this study does not take into account. Although, there is evidence
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that the horizontal crossflow velocity is one of the controlling factors. There may be
some other confounding factor that influences the way in which clams are altering the
shear stress of the boundary layer flow. Often, clams changed the sign of the shear
stress values, which indicates a shape change in the velocity gradients of the flow. It
is worth noting that, of course, experiments of this type in the field are much more
difficult to interpret compared to laboratory experiments in which the researcher has
much greater control of the flow environment and conditions.
6.1.2 Laboratory Experiments Addressing Environmental Cues
To quantify the clam excurrent jet behavior and decouple the influence of behavior and
presence of clams, PIV images were collected for a plane that bisects clam excurrent
jets in a laboratory flume. This laboratory experiment quantifies the clam jet velocity
unsteadiness according to environmental cues such as the horizontal crossflow velocity,
clam patch density, and organism size/age. Since the influence of clams on TKE
and shear stress in the field experiment, above, was ambient velocity specific, an
understanding of clam behavioral changes according to the horizontal ambient velocity
would inform as to the cause of the alterations to the turbulence characteristics.
Clams may be controlling their feeding behavior according to the crossflow velocity
to promote hydrodynamic conditions that alter the transmission of their chemical
metabolites and ultimately the chemosensory information available to predators in
the downstream chemical plume.
The PIV images allowed for an extraction of a clam jet velocity time record and
a lacunarity analysis quantified the “texture” of the unsteadiness of the clam jet
velocity. Clams are altering the unsteadiness of their jet velocity depending on the
horizontal crossflow velocity.
As clams grow they become less susceptible to predation by blue crabs, since
crabs use their claws to crush their prey items. Also, clam patches may have a
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different downstream chemical signature due to the interaction of clam jets than the
downstream chemical signature of an individual clam. Therefore, this study collected
clam jet velocity time records in the laboratory flume for clams of two different size
ranges and two nearest neighbor distances. The lacunarity analysis of the excurrent
jet velocity time records found that clam reaction to patch density is dependent on
the size of the organism. This result suggests that it may be advantageous for clams of
certain size ranges to be associated with patches of certain densities. It also suggests
that blue crab predation dominates the system.
6.1.3 Laboratory Experiments Addressing Predator Cues
The field experiment described above does not control the presence or absence of
predators and how that influences the way in which clams alter the crossflow. To
understand the influence predators have on the way in which clams alter their feeding
behavior, a laboratory PIV experiment was conducted to quantify the randomness of
clam excurrent jet velocities depending on the presence or absence of predators.
Clam jet velocity time records were extracted from the PIV images in the same
manner as the first laboratory experiment. A fractal analysis of the jet velocity time
records found that clams jet velocity values are more random when predator cues are
present in the upstream flow than when there are no predator cues.
When clams detect predator cues in the upstream flow their feeding behavior al-
ters to increase the randomness of the velocity values. This alteration increases the
unsteadiness of the jet velocity values. According to the jets-in-crossflow literature
unsteady jets result in higher rates of mixing than steady jets. With unsteady jets,
more ambient fluid is entrained into the downstream jet flow diluting the jet fluid
concentration. When clams detect the presence of predators, their feeding behav-
ior modifications result in more dilute downstream chemical plumes. This apparent
predator avoidance behavior may contribute to clam survival rates.
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6.2 Conclusions
This study sought to quantify the reciprocal relationship between the bivalve clam,
Mercenaria mercenaria, and the hydrodynamics of the fluid flow in which they live.
The jet-like flow from the excurrent siphon of the clam, due to filter feeding, alters
the crossflow of estuarine tidal flow. The results suggest that despite the fact that
there are many confounding factors that could both contribute to the boundary layer
characteristics and overwhelm the biological contributions, the clams of this study
altered the boundary layer velocity profiles, the Turbulent Kinetic Energy, and the
Reynolds shear stress in the field. The alterations by clams were dependent on several
factors such as the type of sediment, the type of obstacles present in the flow, and
the ambient horizontal crossflow velocity.
The TKE and Reynolds shear stress are influenced by the presence and behavior of
clams depending on the ambient crossflow velocity. This interaction may be controlled
by the relative influence of the ambient turbulence overwhelming the influence of
the biology for the large flow rate situations. Alternatively, the differences in clam
influence according to the crossflow velocity may, in fact, be due to clam behavioral
changes according to the ambient flow conditions. Therefore, quantification of the
types of clam behaviors and the factors that control those behaviors will further
quantify the effects of clams on the flow. The field experiments indicate that clams
alter the crossflow in ecologically relevant flow cases, which then alters the information
in the downstream chemical metabolite plume.
Knowing that clams are altering the crossflow in the field, the laboratory exper-
iments were designed to decouple the effects of the presence and behavior of clams.
Since the influence on the crossflow is dependent on the ambient crossflow velocity,
the laboratory experiments quantified the clam jet velocity behavior according to the
crossflow velocity. Clams alter the excurrent velocity unsteadiness according to the
crossflow velocity. These changes were not seen in control cases. Thus, the differences
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in the boundary layer turbulence characteristics that were found in the field exper-
iments are due to the behavioral changes in clam feeding according to the ambient
crossflow velocity.
The laboratory experiments also found that clam reactions to the density of the
clam patch is dependent on the size of the organism. There are differences according
to clam size and patch density, which suggests that blue crabs are the dominant
predator of the system, since blue crabs have diminishing predation success as clam
size increases [114]. Hence, clams altering their behavior in response to ambient flow
turbulence may have a greater influence on predation rates in relation to avoiding
blue crabs. The second set of laboratory experiments determined that, in fact, clams
were increasing the jet velocity randomness depending on the presence of blue crab
cues in the upstream flow. Further, the field results suggest that those behavioral
changes alter the ambient flow characteristics. An increase in the randomness of
the jet velocity (as is seen here) presumably increases the mixing of the jet fluid and
decreases the concentration of the clam chemical metabolites in the downstream flow.
Blue crabs have been shown to use instantaneous concentration filaments to track
the chemical plume, [121], [187], and [185]. Therefore, by increasing the randomness
of the excurrent jet velocity and increasing the TKE values (as shown in the field
experiments) clams may decrease the success rate of blue crabs.
In conclusion, the results suggest that clam behavior influences both the chemical
plume source characteristics and the transmission of the chemical metabolites within
the downstream chemical plume.
6.3 Unique Contributions
The unique contributions to the fields of experimental fluid mechanics and ecology
are divided into contributions to methods, flow dynamics, and ecology:
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6.3.1 Contributions to Methods
• Evidence that the Bricker and Monismith (2007) method for wave energy re-
moval could be confounded by the addition of noise, particularly in the calcu-
lation of off diagonal Reynolds stress values.
• Successful design and implementation of a direct method of collecting clam
excurrent jet flow dynamics without disturbing either the fluid or the animal.
• Identification of Titanium Dioxide as an effective seeding particle for PIV anal-
ysis of Mercenaria mercenaria siphon flow.
• Successful application of the Hurst’s rescaled range fractal analysis to biologically-
generated time records to quantify randomness.
• Successful application of a lacunarity analysis to both biological time records
with equal and unequal fractal dimensions as a measure of the “texture” of the
randomness.
6.3.2 Contributions to Flow Dynamics
• Evidence of measurable biological influence on field boundary layer dynamics.
• Evidence that clam excurrent jets appear as jets-in-crossflow and behave similar
to the cases of jets-in-crossflow in the engineering literature.
• Observation that clams do not have dominant periodic unsteadiness in the jet
excurrent velocity.
• Control time record analysis confirms that clam body presence or clam influence
on the sediment does not alter the vertical velocity unsteadiness.
• Observation that clam chemical source characteristics cannot be mimicked with
steady jet flow.
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• Observation that clam mimic siphons, themselves, do not contribute to the
differences in the crossflow.
6.3.3 Contributions to Ecology
• Quantification of clam feeding behavioral alterations in the presence of predator
cues.
• Quantification of clams feeding behavioral alterations according to hydrody-
namic conditions.
• Observation that clams of different size ranges alter their feeding behavior ac-
cording to the patch dynamics.
• Observation that clams alter behavior according to size, indicating dominance
of Blue Crab predation on the predator-prey system.
• Quantifiable explanation as to differences in clam survival rates depending on
field environment, i.e. mud, seagrass, oyster beds.
6.4 Future Directions
The horizontal homogeneity assumption put forth by Trowbridge (1998) does not
extend beyond Reynolds stress values and has previously been unknowingly applied
to mean velocity values over small distances in field settings, [53], [174], [166], and
[84]. Quantification of the applicability of the assumption of comparable mean veloc-
ity values over short distances, specifically in shallow tidal estuaries would confirm
the conclusions made in this and other field studies. A simple application of the
simultaneous ADV measurements made in this study over the distances used here
(without clams in the sediment) could give an indication of the relative differences in
the velocity values for the system. With an accurate quantification of the range of
differences in velocity values over the horizontal distances of this study, the effect of
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the influence of clams on the velocity boundary layer profiles could be solidified. The
current study can only theorize that differences in the simultaneous measurements
for the field clam patches are due to the presence and behavior of clams rather than
the horizontal distance between the measurement volumes.
The boundary layer characteristics captured for the field sites of mud, sand, down-
stream of oyster beds, and downstream of sea grass beds are for, at most, two vertical
measurement sequences at each site. The results and conclusions made in this study
cannot necessarily be projected to clam influence over all mud flats or sand flats, etc.
Replication of the field experiments over the sites of the current study, over other
sites in the Wassaw Sound region, and over sites in other shallow estuaries would
strengthen the results of this study. Also, these replications should use an ADCP
rather than the ADV’s of the current study. Two field Acoustic Doppler Current
Profiler’s (ADCP’s) used from above with the measurements taken in the downward
(negative z) direction would be useful to remove the need for presence of the field op-
erator and lengthen the time available for data collection. ADCP’s could be deployed
over multiple tides and would provided velocity data at each height in the water col-
umn simultaneously. This would also remove the need for a time offset between the
data collection instruments.
There is evidence that clams within the sea grass beds grow faster than those
adjacent to sea grass beds and than those on mud flats. An extension of the field
methods here to clam plots within the sea grass beds would discern the relative
relationship between clams within and without sea grass beds.
ADV’s can collect velocity measurements to within approximately one centime-
ter of the sediment surface. This region is an important region for clams and their
predators and an accurate assessment of the flow characteristics in this region could
give insight into the types of information available to predators that have chemosen-
sors located there. PIV or LDV measurements could capture velocity values closer to
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the sediment, but would be difficult to implement in field settings where suspended
sediments impair visual access. Also, the measurement volume for the ADV’s of this
study were larger compared to the clam jet diameters. PIV and LDV measurement
volumes are much smaller than those of ADV’s and would be able to capture velocity
measurements on a resolution of the order of the clam jets. In that case, clam jet
velocity measurements, similar to those captured in the laboratory experiments of
this study, could be completed in field settings. However, a different field site would
be necessary due to the clarity of the estuary waters in Wassaw Sound. In such a
study, clam behaviors could be coupled with both the ambient horizontal crossflow
velocity and the effect of clams behavior on the crossflow.
Both the fractal analysis and the lacunarity analysis used in this study have proven
to be easily adapted for use in quantifying clam feeding behavioral modifications.
These analyses can be extended to quantify types of behaviors according to other
environmental factors such as the presence of food particles, the presence of injured
conspecifics, or other. Past studies have used the presence or absence of the clam
siphon as an indication of unsafe feeding conditions. The results here suggest that
clams that perceive a threat (predator) do not necessarily stop pumping or retract
their siphons, but alter the way in which they are filter feeding. There may also be
a hierarchy of threat conditions that illicit steps of threat avoidance behavior. When
a threat becomes more apparent, there may be further stages of predator avoidance
behavior. The time record analysis used in this study could be useful in quantifying
the hierarchy of environmental threats.
Other extensions of the fractal and lacunarity analysis could be an extension of
the findings that the size of the clam influences the reaction to clam density. Clam
patches of the densities used in this study have been shown to relocate more frequently
in the high density distribution compared to the low density distribution [193]. Since
this study looked at clam behavior of only two patch densities and of only two size
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ranges, an array of both these factors would inform as to critical values for each.
There may be a critical value of clam density when they change from behaving as
a clam patch and begin behaving as an individual clam. Also, there may be a size
range that has an advantage to being in a clam patch rather than as an individual,
etc. A coupling of critical clam patch densities, clam size ranges, typical patch ranges
in the field, and predation rates according to those patch ranges would be useful.
Also, an understanding of the downstream chemical plume characteristics accord-
ing to the jet unsteadiness found here would be useful in understanding both the in-
formation available in the downstream chemical plume and the behavioral responses
of predators to that information. The clam mimics used in past studies have used
steady, mean velocity values reported by literature using indirect methods of cap-
turing clam excurrent flow rates. Laboratory flume experiments could be conducted
using clam mimics designed to have the types of unsteady flows documented here. A
Laser Induced Fluorescence (LIF) system, coupled with the randomness quantities for
clam behavior captured in this study, could determine the concentrations of chemical
metabolites in the downstream clam chemical plumes. This concentration data could
be coupled with predation experiments and field or lab clam behavioral experiments
to determine if altering the clam jet velocity randomness is responsible for increased
clam survival rates when predator cue are present or when clams are located in and
around sea grass beds.
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APPENDIX A
EXAMPLE LACUNARITY PLOTS FOR LABORATORY
EXPERIMENTS
The following plots show the calculated lacunarity plots for the first clam in Table
5.8 as an example set of lacunarity curves for a clam data collection set. Table 5.8
outlines the lacunarity plot shape distinction for each data collection set for the first
laboratory experiment.
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Figure A.1: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 0.55 cms−1, clam length
= 4.68 cm, and nearest neighbor distance of 3 cm (log axes).
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Figure A.2: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 1.2 cms−1, clam length
= 4.68 cm, and nearest neighbor distance of 3 cm (log axes).
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Figure A.3: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 1.98 cms−1, clam length
= 4.68 cm, and nearest neighbor distance of 3 cm (log axes).
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Figure A.4: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 2.86 cms−1, clam length
= 4.68 cm, and nearest neighbor distance of 3 cm (log axes).
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Figure A.5: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 0.55 cms−1, clam length
= 4.68 cm, and nearest neighbor distance of 9 cm (log axes).
166
Figure A.6: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 1.2 cms−1, clam length
= 4.68 cm, and nearest neighbor distance of 9 cm (log axes).
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Figure A.7: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 1.98 cms−1, clam length
= 4.68 cm, and nearest neighbor distance of 9 cm (log axes).
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Figure A.8: Lacunarity as a function of box size (i.e., time segment) for the time
record of vertical jet velocity for Clam #1 of Table 5.7, U = 2.86 cms−1, clam length
= 4.68 cm, and nearest neighbor distance of 9 cm (log axes).
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APPENDIX B
ERROR UNCERTAINTY CALCULATIONS FOR PIV
AND ADV DATA COLLECTIONS
B.1 PIV Error Uncertainty





where m is the number of pixels per inch for the individual data collection, ∆x is
change in distance of the particle between images, and ∆t is the change in time
between images. The uncertainty in the u value









∆t = 10 ms±0.005 ms









δ∆x ∼= 0.01 mm by Abbas study with a stagnant water tank image.










52.3mms−1 = 1.9% ∼ 2.0%
The standard deviation for this case is 5.36 cms−1, which is approximately 100%
of the mean value.
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B.2 ADV Error Uncertainty




(u′u′ + v′v′ + w′w′) (B.4)
where u′, v′, and w′ are the velocity fluctuation values collected from the ADV mea-
surement data collection.














δTKE = [{2u′(0.01u′)}2 + {2v′(0.01v′)}2 + {2w′(0.01w′)}2] 12





3.4939(cms−1)2 = 0.008 ∼ 1%
This calculation would include the wave energy that is also collected with the
ADV’s. After wave energy removal, we would assume that the error uncertainty in
the TKE value would remain 1% of the mean TKE value.
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